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ABSTRACT 
Samples of an over-consolidated saturated silty clay, 
Keuper marl, and a partially saturated granuJ_ar m a t e . l ~ _ L L al, 
Breedon gravel, have been used in a triaxial te st pro,<:;l'amme, 
'vi th a Viel'l to characterising certain aspects of the material 
behaviour for use in a flexible pavement design proced1_lre. 
Samples of over·-consolidated Keuper marJ_ 'were subjected 
to repeated axial sinusoidal loads. In addi tion, f'urtl1 er 
samples 1vere tested under creep loads alld standard slow 
rate of strain triaxial tests. 
The results from these tests are used to relate the 
plastic deformation under repeated loads to simple creep 
tests and to the standard undrained soil strength test. 
In addition, the resilient behaviour is shown to be a function 
of the stresses applied to the soil. 
The samples of granular material were tested drained 
and were subjected to cyclic vertical and horizontal 
stresses. The development of a method of lateral strain 
measurement allowed a fundamental analysis of the behaviour 
of this material under a cyclic lateral stress. 
The resilient and permanent deformations occurring 
under a cyclic horizontal stress have been related to those 
occurrlng under the simpler situation of a static horizontal 
stress. 
A review of' prevlous work considers research carried 
out on flexible pavement design with special reference to 
the role of unbound materials. In addition, an outline is 
x 
given of studies carried out on creep of clays and repeated 
behaviour of clays and granular materials. 
The behaviours of the silty clay and the granular material 
are analysed in -the context of a t.heoreticaT pavement structure. 
The basic testing apparatus is outlined briefly, 
w·hile development s to the apparatus j_ncluding an automated 
computer based data collection system are described in the 
form of appendices. 
A summary of the test results is given in the conclusions 
together with suggestions for further work. 
A pore 1vater pre ss'Ure parameter 
CDR. 
e voids ratio 
E Young's modulus 
F equivalence factor 
G shear modulus 
resilient shear modulus 
bulk modulus 
resilient bulk modulus 
wheel load 
resilient modulus 
over-consolidation rntio 
p mean principal stress 
equivalent pressure 
mean value of repeated mean principal stress 
repeated mean principal stress 
Pmax maximum mean principal stress 
q deviator stress 
strain controlled sample strength 
mean deviator stress 
~ a x x maximum deviator stress 
repeated deviator stress 
standard wheel load 
T time in seconds 
u pore water pressure 
~ u u change in pore water pressure 
a 
a' 
C' 
"oct 
°3max 
°smean 
a . 
3 1 
(01-0S) 
(a 1 -a 3)R 
(01-03)max 
°oct 
"oct 
eroct 
resilient volu!;ic:tric strairJ 
function for plastic strain rate at 
unit time 
xii 
general function for plastic strain rate 
at unit time 
plastic strain 
strain rate 
octahedral normal strain 
strain after T seconds 
resilient strain 
plastic strain rate at unit time 
decay constant 
resilient Poisson's ratio 
vertical stress 
cell pressure 
maximum cell pressure 
mean cell p r ~ s s u r e e
initial effective stress 
deviator stress 
repeated deviator stress 
maximum deviator stress 
octahedral normal stress 
octahedral shear stress 
octahedral shear strain 
resilient shear strain 
stresses with primes are effective. 
The notation used ln the review of previous 'work 1S that of 
the original authors and is defined in the text. 
, 
AUTHOR'S NOTE 
Figures and tables are placed "h'herever possible, 
directly after their first mention in the text. 
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CHAPTER ONE 
INTRODUCTION 
In many foundations rep eated loads cw.""1. form a large 
part of the live load on the soil. These loads Can be 
traffic induced in the case of a road p a v e m e n t ~ ~ or, for 
example, they could be naturally imposed vibrations In 
soil strata due to earth tremors or wave forces on structures 
currently being constructed for use in the North Sea 
(Bjerrum, 1973). In the case of the traffic induced stresses, 
the frequencies expected on the soil would be of the order of 
10 Hz; however, for the naturalJ:y imposed earth tremors or 
wave i'orces, the frequencies are much l01'ler, of the order 
of 0. 1 Hz. 
In all of these cases, a greater knowl.edge of the time 
dependent behaviour of soil will help in providing 
engineering solutions to the problems encountered. 
The research described in this thesis, although it 
has wider applications, was carried out in the context of 
the flexible payement design problem. A comprehensive 
review of research related to this problem has, therefore, 
been presented in Section:·2.1. 
Current methods of pavement design are largely 
empirical. In order to improve pavement design, Brown 
and Pell (1970, 1972) proposed a structural design approach 
to the problem. The procedure was similar to that 
accepted by engineers when designing steel or reinforced 
concrete structures. It involved the c o n s i d e r a ~ i o n n of 
2 
trnffic l o a d i ~ g g and material characteristics under 
these loads. This approach has been made possible 
by the advent of greater access to powerful digital 
computers wh.ich alJ_ow the analysis of pavement structure 8 
in terms of the applied loads and resultant displacements . 
. 
Using either layered elastic or finite element techniques 
providing the resilient characteristics of the components 
of the structure are known, then it Can be designed to 
limiting stress or strain criteria to prevent fatigue 
cracking of the bituminous layer. In addition to cracking, 
many pavements fail due to an unnacceptable build up of 
irrecoverable deformation, a process commonly known as 
rutting. This, in particular, is the most common f'orm of 
failure in the British Isles. It is, therefore, also 
necessary to design pavements against excessive permanent 
deformation. 
The unbound materials play an important part in tile 
overall behaviour of the pavement structure. However, 
relatively little is known of the resilient and permanent 
deformation characteristics of these materials. The 
resilient modulus of these materials is currently determined 
from a CBR test which is a static test to failure 
(Heukelom and Klomp, 1962) while the permanent deformation 
in the subgrade is limited by a resilient strain criterion 
without any consideration of the type of soil (Dormon and 
Metcalf, 1965). An attempt has been made, there10re, In 
this work to characterise the resilient behaviour in terms 
of' the applied stresses and to reJ_ate the permanent 
deformation to the plastic properties of the soil. 
3 
Much repeated load research on clays has b e E ~ n n carried 
out on remoulded, partially saturated, compacted c l a y ~ . .
This did not allow analysis in terms of effective stresses. 
In addition, many pavement failures occur on saturated 
subgrades vlhich, if they are undisturbed clays, would 
generally be over-consolidated. A programme of resen.rch 
has, therefore, been carried out on the effects of repeated 
loading on the plastic and elastic properties of' an over-
consolidated silty clay. The measurement of mean values 
of pore water pressure has allowed a more fundamental 
stress-strain analysis. 
In a pavement structure, the unbound materials are 
subjected to cyclic horizontal stresses as well as vertical 
stresses. A partially saturated granular material ~ l o s e e
stress-strain characteristics have already been documented 
by Lashine et al (1971) was tested to determine vlhat e f ~ e c t t
a cyclic, horizontal stress has on this material's 
behaviour. 
A servo-hydraulic loading rig was used to test 
samples (Cullingford et aI, 1972), which gave flexibility 
in the types of load applied, allowing a closer 
approximation to some of the loading conditions under a 
flexible pavement. In addition, a triaxial apparatus was 
used which allowed the variation of both the major and 
minor principal stresses on the soil samples. This l-las 
once again in order to obtain a closer representation of 
stresses due to vehicle loads. 
All of the tests 'vere carried out with a view to 
relating the material behaviour where possihle to a more 
simple laboratory test which could be incorporated into 
a design procedure. 
The broad obj octi ve, ther(;:fore, of the ",vork described 
in this thesis was material characterisation related to the 
development of design methods for flexible pavements. 
REVIEW OF PREVIOUS WORK 
2.1 THE STRUCTURAL D E S I ~ ~ ~ OF FLEXIBLE PAVEMENTS HITH 
SPECIAL HEFERENCE TO THE ROLE OF UNBOTJNTI NATERIALS 
2 . 1 ~ 1 1 Pavement Design Schema 
Current ~ l e x i b l e e road pavement design in Britain is 
carried out using the Department of the Environment 
publication Road Note No. 29 (1971). The design method 
is largely empirical, being based on criteria established 
\ 
from field performance. Predicted traffic is reduced to 
equivalent numbers of standard (8200 h:g) axles. The 
subgrade strength is determined from the CBR value ('lvhich 
can be an estimated one). Using this information and a 
series of charts the thickness of the pavem"ent layers J $ 
detennined. 
In recent years, interest has been shown in developing 
design methods based on stress analyses of the pavement 
structure which use the stress-strain characteristics of 
the constituent materials. The advantages of these methods 
are that they allow extrapolation to new and unforeseen 
situations. 
Waters and Shenton (1968) and Heath et al (1972) 
outline a procedure using the stress-strain characteristics of 
materials for estimating the depth of ballast in 
conventional rail t r a c ~ ~ foundations. The basic information 
required is: 
6 
(a) The applied loading spectra. 
(L) The stress or strain distribution through the structure. 
(c) The subsoil material narameters under relevant 
condit.iolls. 
Repeated load tests on samples of London clay show a 
threshold stress level, above which deformation is continuous. 
A limiting elastic strain is associated with this level. 
The depth of ballast is calculated using simple elastic 
theory such that this level is not exceeded. 
The flexible pavement design problem is more complex 
as Hveem (1955) showed. He proposed that as well as 
designing a pavement against plastic deformation, c o n s ~ j . d e r r
ation should be given t.o providing a structure with 
sufficient stiffness to reduce flexing to an acceptable 
value, to protect against fatigue failure. 
Brown and Pell (1970, 1972) propose a structural design 
approach to the problem. The procedure is similar to that 
accepted by engineers when designing steel or reinforced 
concrete structures. This involves the consideration of 
traffic loading and material characteristics under repeated 
loads. A structure is assumed, which then allows the 
computation of stresses and strains and their comparison 
with the maximum allowable. An iterative process is then 
commenced to produce a pavement which is satisfactory both 
s t 1 ~ c t u r a l l y y and economically. 
Finn et al (1972) propose a similar procedure uSlng 
a series of 8 u b 8 y s t p . m ~ . . The elastic properties are 
7 
considered as part of the traf'fic associated fatigue 
sUbsystem. The plastic de:formation is considered inside 
a distortion sUbsystem. Each of these subEystems is part 
of the overall design process. 
Many of the parameters used in the design process 
cannot be estimated with absolute accuracy, but have an 
inherent variability. Darter et al (1973) have derived 
theory and concepts for a probabilistic approach to pavement 
design w"hich allows the designer to design for a specified 
level of reliability. The variations considered are: 
(1) Variations within a project. 
(2) Variations between design values and the as-built 
structure. 
(3) The lack of fit of the design models. 
2.1.2 Theoretical Analyses of Pavement Structures 
The most commonly available analysis in the form of 
computer programmes is the linear elastic layer theory. 
This theory was first developed by Burmister (1943). 
His analysis revealed the controlling influence of two 
ratios on the load settlement characteristics of the two 
layer system, namely a/h 1 and E2/El where: 
a = radius of bearing area 
hi = thickness of pavement layer 
El = modulus of sub grade 
E = modulus of pavement 2 
8 
extellt horizontally of the top layer, infinite extent both 
vertically and horizontalJ_y for the subgrade, anJ cont inni ty 
of stresses across the interface. Linear elastic theory 
has now been incorporated into multi-layer programmes 
such as BISTRO and CHEVRON. 
Barksdale and Hicks (1973) outline the assumptions made 
in this sort of computer programme. They are: 
(1) Each layer is a continuous, isotropic homogeneous 
linearly elastic medium of infinite horizontal extent. 
(2) Surface loading can be represented by uniformly 
distributed vertical stress acting over a circuJ.ar 
area. 
(3) Interfaces are either perfectly smooth or perfectly 
• 
rough. 
(4) Each layer is continuously supported by the layer 
beneath. 
(5) Inertial forces are negligible. 
(6) Deformations throughout the system are small. 
(7) Temperature effects are neglected. 
The modulus of both granular and cohesive soils varies 
with the applied stress. This provides a problem in 
determing what values to use. This can be overcome by 
using an iterative elastic layered solution. Havens et al 
(1973) and Brown and Pell (1972) suggest that the state of 
knowledge of material characteristics is now at a stage 
,.-I-lero layered elastic theory can begin to be u.;:;ed wi til ' : : ; G m ~ ~
confidence. 
9 
Sevc::,'uJ. studies have been made of pilot scalE: 
pavements by Brovm and Pell (1967), Br01'VTI and B u ~ h h (1972) 
and Throwor ct al (1972). All of which showed that 
provided r e a l ~ s t i c s s measured values of elastic parameters 
were used for each layer, reasonably accurate predictions 
of stress and strain levels can be made, using layered 
elastic theory. ,Thrower et al, however, fOl_IDd tha t at 
higher temperatures higher stresses were imposed on the 
Unbound materials. This resulted in less accurate 
predictions because of the increased i n ~ l u e n c e e of the norr-
linear behaviour of these materials. 
Marek and Dempsey (1972) produced a model for 
determining stresses and strains incorporating both layered 
elastic theory and 1unctions for temperature. The data 
produced by this model w"as in good agreement ,vi th measure-
ments from the AASHO road test. 
There are avaiJ.able in addition to elastic layered 
analyses more sophisticated finite element techniques. 
The computer programmes using these techniques use a 
greater amount of computer time, but have the advantage of 
being able to incorporate the non-linear response of 
pavement materials. 
Dehlen (1969) and Dehlen and Monismith (1970) used 
both linear and non-linear finite element analyses which 
led to the conclusion that non-linear material response is 
not a disqualification for the use of linear elastic theory 
for the practical design of a flexible pavement over a 
sandy clay subgrade. Less error was introduced by non-
linearity than by other assumptif'ns made. 
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Taylor (1971) developed a fini-ce element computer 
programme for a tw·o--dimensional analysi s but found that 
a true three-di.mensi.onal analysis used a prohibitive 
amount of computer storage. 
Hicks and Monismith (1972) applied loads to n proto-
type pavement and also to the San Diego test road. 
Neasured responses vlere compared with computed respoll.ses 
from a multilayer iterative elastic programtr;e and t,.,ro 
finite element programmes .. The finite element procedure 
provided a closer agreement than did the multilayer 
elastic procedure. Similarly, Richards and Gordon (1972) 
used a finite element analysis to include moisture and 
stress dependent material properti.es. Predicted and 
observed behaviour were in good agreement. 
Although finite element analyses seem to provide 
good agreement between computed and measured pavement 
responses their use seems justified only in cases where 
their increased sophistication brings economic savings, 
2.1.3 Design Criteria for Unbound Naterials 
As already outlined in Section 1.1.1, Heath et al (1972) 
proposed a limiting elastic strain criterion on the sub-
grade for railway track foundation design. This limit 
was the elastic stress or strain below which the plastic 
deformation determined in repeated load laboratory tests 
became asymptotic to a limit. 
Critical conditions for flexible pavements used by 
Dormon and Edw·ards (1967) in their proposed design method 
are: 
11 
(a) The horizontal tensile strain at the bottom o ~ ~ the 
bituminous bound layer. 
(b) The vertical compressive stress or elastic strain in 
the surface of the subgrade. 
The criterion for the compressl"ve s+ral"ll b d • ~ . . 1,Ta s as e on 
that strain caJ.culated to have been wi thstood satisfact.orily 
by existing roads. T 6 -4 his was set at .5 x 10 - for 106 
repetitions of loading. 
Dormon and Edwards (196'1) and Dormon and Metcalf (1965) 
explain that this criterion was derived by applying elastic 
theory to pavements designed by CBR methods, which gave the 
maximum vert i cal c ompre s si ve strain as 8 - 9 x 10 -. 4 
irrespective of the type of soil. To allow for increased 
t.raffic intensity 6.5 x 10- 4 was chosen as the limit for 106 
load applications. Analysis of results from the AASHO road 
test showed a relationship between the'calculated vertical 
compressive strain in the subgrade and the number of load 
applications to a given performance level measured by the 
Present Serviceability Index (P.S.I.). 
Brown and Pell (1972) in outlining the structural 
design approach also list design criteria which should be 
considered for unbound materials. Granular bases, it is 
pointed out, are unable to take more than a nominal amount 
of tensile stress. It is hence suggested that the design 
criterion for this layer should be the horizontal tensile 
stress and that this should not exceed 0.5 times the 
vertical stress plus the horizontal overburden pressure. 
12 
plastic strain accumuJ_ated in this layer as a further 
criterion. For the subgrade it is suggested that the 
Shell criteriaIl as outlined by Dorman and Edi";ards (1967) be 
used, i.e. limiting the vertical strain in the subgrade 
according to the number of design load applications. 
From tests on a model pavement, Lister (1972) indicated 
that the combination of high temp erature and "rheel load 
close to the maximum regularly recorded on British main 
roads generates stresses on the subgrade ~ l i c h h approach the 
strength of typical clay soils in con.'lentional triaxial 
testing, Table 2.1. 
Location Parameter 
T e m p " r a t ~ u r ~ ~ c O n ( ~ . ~ i O ~ - - = = J 
rnt ermediate Coldest I in road Hottest at 
2.8 k/h at 2.8 ] ~ / h h at 2.8 k/h 
--
.-
Soil Vertical 
formation. stress (kN/m 2 ) 82.5 60 21.4: 
(on load 
axis) Deviatoric 
stress (kN/m2 ) 75 56.5 18.6 I 
Vertical 
compressive 
strain x 106 680 519 170 
"-
Table 2.1 Values of stress and strain parameters likely to 
be associated with failure in an asphalt pavement 
and its subgrade. After Lister (1972). 
It can be seen from this table that the maximum 
compressive strain coincides with the limiting criterion put 
forward by Dormon and Edlvards. 
In Britain, permanent defonnation is accepted by 
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eilgineers asLhe principctl indication 0[' failure and lIIaJor 
reconstruction is under-tal<'E.n when the rut depth ]_s 20 mm 
(Croney, "1972). As a large proportion of this occurs in 
the unbound layers scrne prediction of rutting in the 
subgrade should ultimately be a design criterion. 
2.1.4 U n b o u n d J 1 a t e r i , ~ l l Parameters In Situ 
The elastic analysis for design purposes requires a 
meaSure of the elastic material parameters. For this 
reason a great deal of attention has been paid to 
cha:i-acterising these for the unbolmd pavement layer s. 
Robnett and Thompson (1973) report that results from the 
'''ASHO and AASHO full scale road tests indicate that the 
subgrade contributes 60-70% of the pavement deflection. at 
the surface. In addition, Dehlen (1969) showed that 
pavements tested by plate tests showed stress softening 
or stiffening characteristics depending on the proportions 
of the stiffening or softening materials in the pavement. 
The elastic parameters are largely governed by the 
applied stress but in addition the elastic modulus is 
affected in situ by a number of environmental conditions. 
Nash (1958) found that the strength of laboratory 
samples of clay subjected to repeated loading reduced as 
the saturation increased. Seed et al (1962) also found 
tha.t the modulus of a compacted clay varied with the water 
content and method of compaction. It was also reported that 
the resilient characteristics of a soil compacted with 
pnewnatic rollers in the field are very similar to those 
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of laboratory samples prepared by kneading compaction. 
Heukelom and KJ.omp (1962) reported that the modulus of the 
subgrade decreases with increasing moisture content and 
increases with increasing c o m p a c t i ~ e e effort. Croney and 
Bulman (1972) show that the clastic modulus of a moisture 
sensitive heavy clay can be six or seven times greater in 
an arid environment than in a shallow water t a b l e ~ ~
Similarly, Dehlen (1969), testing undisturbed and compacted 
clay samples, showed that the resilient modulus increased 
with an increase in soil suction. Richards (1970) and 
Richards and Gordon (1972) show that the resilient modulus 
is related to soil suction and that this is related to the 
moisture content of the soil. Hicks and Honi smi th ,( 1972,) 
reported a measured 40% decrease in modulus for a granular 
layer for a change from a partially saturated condition to 
a saturated one.. Bergan and Monismith (1973) reported a 
significant seasonal change of the modulus in cold regions. 
Freeze-thaw cycles seeming to reduce the measured moduli. 
The elastic modulus is currently often measured in situ 
using the soil CBR value. 
relationship: 
This is done using the simple 
E = 100 x CBR kg/cm 2 
H e Q ~ e l o m m and Klomp (1962) 
It is not considered, however, that this static 
test is a good measure of the resilient characteristics of 
the wlbound materials. Pell and B r o ~ n n (1972) suggest that 
there is a need for the correlation of laboratory and field 
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1,rnrk and a need to extend present laboratory t ec}-u .. iqucs to 
make them more relevant to the design problem. 
2. 2 REPEATED LOAD BEHAVIOUR OF GRAJ."-ULAR SO ILS 
2.2.1 Introduction 
Repeated load studies of gra.11.ular materials have been 
mainly concerned with the characterisation of both the 
resilient and plastic material behaviour. The effects of 
stress configuration, aggregate type and grading, relative 
densities, and degrees of saturation, have all b8en 
documented. 
The most widely studied of the above paramsters has 
been the effect of applied stresses. Hodel functions have 
been developed to fit the data, which sho,v that the resilient 
response is non-linearly stress dependent. 
2.2.2 Models of Resilient Behaviour 
Williams (1963) carried out tests on a sand and a 
limestone gravel. The elastic modulus was found to be a 
function of the cell pressure, os' in the form: 
Moore, Britton and Scrivner (1970) testing a crushed 
limestone base material, sholved that the resilient modulus 
in the vertical direction could be expressed as a function 
of the cell pressure ill the form: 
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\.,,-11ere Kl and I ~ ~ are constants. 
Huang (1960' used a similar r e l a ~ i o n s h i p p 1n n1s 
analysis of the stresses and displacements in non-linear 
soil media, this relates the modulus to the stress 
invariant, 8, in the form: 
E = E ( l + ~ e ) )
o 
,."..hcre E = the elastic modulus 
E = the modulus when 8 = 0 0 
~ ~ = constant 
8 = (0 1 +Oa +0 3 ) 
Kallas and Riley (1967) reported tests on gravel base 
and sub-base materials which show that the resilient 
modulus varies according to: 
This relationship 1S the commonly accepted one for 
defining the resilient behaviour of granular materials and was 
originally formulated by Biarez (1962). 
Hicks (1970) and Hicks and Monismith (1971) showed 
that the resilient modulus can be related to either 0 3 or 
8, the sum of the principal stresses in the form: 
MR K10S ~ ~= 
, 
and NR = K'eK.;. 1 
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Bro'\""!1 and Pell (1967) repori:2d from measurements 
taken ~ n n a model pavement study that the resilient 
modulus for the granular layer was a function of the first 
stress invaria.nt (this is the same as e) and tho.t this 
function took the same fonn as that reported by Hicks. 
Barksdale (1972) (1), using a repeated load test to 
evaluate base course materials, found the resilient 
response follo'ved the relationship put forward by Hicks of': 
K = K e ~ ~R 1 
Similarly, Allen mId Thompson (1973), carrylng out a 
statistical analysis of data collected from their 0'\\""11. 
repeated load tests on three different granuJ_ar mat erials, 
showed that MR = Kl e IS ,vas a model wi tll high correlation 
c o e f f ~ c i e n t s . .
Lashine et al (1971) showed, however, that the model 
was only applicable to the special case of the mean 
deviator stress being equal to half the a m p l ~ t u d e , , otherwise 
the stress-strain relationship should be w r ~ t t e n : :
where €R = resilient strain in vertical direction 
( 0) - mean deviator stress 0 1 - :3 m -
(0 0 ) = peak to peak deviator stress 1- :3 pip 
O = c o n f i n i n ~ _ _ pressure s 
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2.2·3 Resilient Poisson's Ratio 
On examining integral transform and fini te el emeni. 
solutions or flexible pavement stress-strain responses, 
Hicks (1970) round that reasonable changes in Poisson's 
ratio could result in changes in fatigue life of the order 
of 50%. He found that Poisson's ratio increased ~ j t h h
decreasing horizontal stress and increasing repented axial 
stress, which could be put in the form: 
Allen and Thompson reported on repeated load tests 
using both constant and repeated confining pre.3sure. 
They showed that expressing the resilient Poisson's ratio 
as a flIDction of (Ol/OS) ln a similar manner to Hicks, 
gave the best fit to the experimental data. Under constant 
cell pressure the Poisson's ratio increased markedly with 
the principal stress ratio, values exceeding 0.5. However, 
under repeated cell pressure the Poisson's ratio was 
observed to be virtually constant with values in the region 
of 0.4 to 0.5. 
Morgan (1966) found that resilient Poisson's ratio 
values were in the range 0.2 to 0.4 but that they did not 
appear to be related to the confining pressure, deviator 
stress or number of stress applications. 
2.2.4 Loading H i s t o r ~ ~
As far as the resilient behaviour of granular materials 
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i.s concerned it would appear that samples do not have a 
l1memorylf of previous sub-failure loading cycles. Hicks 
(1970), investigating the effect of stress seauence, 
reveal eel that as long as the stres ses .. l'mre repre sen tati "\-e 
of those found in an actual pavement system, one specimen 
may be used to measure the resilient response at all 
stress levels and that these different stress levels could 
be applied in any sequence. 
A preliminary test series carried out by Allen and 
Thompson (1973) showed that the effects of stress history 
on resilient response was negligible. 
Dehlen (1969) found, hO'wever, that the resilient 
modulus of granular materials did depend somewhat on stress 
history, but that the resilient response of sands and clays 
subjected to complex stress histories could be estimated 
adequately after 50 to 100 load repetitions. 
2.2.5 Cyclic Cell Pressure 
In order to better simulate the in situ stress 
conditions, it is possible to cycle the confining stress 
as well as the deviator stress in the triaxial apparatus. 
Preliminary tests carried out by Lashine et al (1971) 
seemed to show a softening effect on the resilient modulus 
of cyclic cell pressure. :r.1easurement s, how"ever, were 
only made of vertical deformation of the samples, with the 
result that the resilient modulus defined as the deviator 
stress divided by the vertical strain was in no way 
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a n a l ~ g o ~ s s to Y o ~ ~ g ' s s modulus. The definition given 
above takes no account of the increased cyclic stress in 
the vertical direction due to the confining pressure 
component nor of the Poisson's ratio effect. 
Allen and Thompson (1973) reported on tests using 
constant and cycJ_ic cell pressure. The values of 
resilient modulus computed from the cyclic cell pressure 
tests ,,,ere less than those computed from constant cell 
pressure tests. Also, as already reported in Section 2 . 2 . 3 ~ ~
values of Poisson's ratio were much reduced under cyclic 
cell pressure conditions. 
2.2.6 Freguency and Duration of Load Application 
Hicks conducted tests at stress durations of 0.1, 0.15 
and 0.25 seconds and found no change in the resilient 
modulus or Poisson's ratio. Similarly, Lashine et al 
(1971) also showed that the frequency in the range 1 Hz 
to 10 Hz had little effect on the resilient properties of 
a granular material. Allen and Thompson (1973), in their 
preliminary test series, showed that the effects of 
frequency were negligible. 
Williams (1963), testing a sand and a limestone gravel 
with durations of load application from .03 sec to 300 sec, 
reported that the duration of load application had little 
effect on the modulus • 
... 
2.2.7 Density, Saturation and Aggregate Type 
Hicks (1970) reported that the resilient modulus is 
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greater for ~ a m p l e s s compacted to higher relative densities 
and subjected to identical stresses. The results of Allen 
and Thompson (1973) indicate a similar trend. Thc;/ also 
considered the effect o'f the denD]"t tl t I\.r ~ . . , - . . y on _1/:, parame ers 1 
and ~ ~ in the model: 
= K e"Ka 
1 
showed a tendency to increase wi th densi ty "Thile ~ ~. 
.. ' 
showed a tendency to decrease. 
/ ' Haynes and Yoder (1963) found that the resilient moduli 
of gravels and crushed stone l-vere decreased by an increase 
in the degree of saturation. This effect was more marked 
for the gravels. Hicks (1970) also found that an increase 
in the degree of saturation adversely affected the resilient 
properties of granular materials. 
Hicks reported that the resilient modulus increased 
with the particle angularity or surface roughness. Allen 
and Thompson demonstrated from their tests that, in general, 
a crushed stone yields higher values of resilient modulus 
than a gravel. 
2.2.8 Permanent Deformation Properties of Granular Materials 
For the purposes of flexible pavement design it is 
necessary to be able to quantify the plastic deformation 
occurring in any granular layer which is present. 
Haynes and Yo der (1963) made a study of base course 
materials used in the AASHO road test uSlng a repeated load 
triaxial test. As the saturation of the samples increased, 
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so the permanent deformation for a given number of cycles 
increased. Permanent. de:forlflation was still occurring 
after 100,000 load repetitions and no eouilibrium state 
.L 
"\\"as apparent. 
Morgan (1966) concluded that ~ o r r sand permanent 
deformation continues to accumulate even after two million 
cycles of load application although the accumulation lS 
considered to become negligible (1% per 106 cycles). 
Lashine et al (1971), contrary to the findings of 
otllers, found that an equilibrium value of permanent strain 
was reached after 10 5 cycles of load application. The 
finite strain developed was a function of the ratio of the 
deviator stress to the confining pressure. Drainage 
conditions, despite the fact that the samples were partially 
saturated, were found to have a major influence on the 
permanent strain properties. There is a marked increase .. 
of permanent deformation in undrained tests compared to 
drained. This is almost certainly due to the development 
of pore water pressures and hence a reduction of the effective 
confining stress. 
Shackel (1972) related the cumulative permanent strain 
to the ratio of octahedral shear to normal stresses. This 
is similar to the findings of Lashine but uses instead two 
stress invariants. 
Barksdale (1972) (1) and (2) found that a hyperbolic 
relationship derived by Kondner (1963) could be fitted to 
the permanent stress-strain curves for granular materials. 
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stress and confining pressure. A rut index (defined as 
the swn of the permanent strains occurring in the top and 
bottom halves of the base multiplied by iOE) lrllich is 
approximately pr"oportional to rut depth in the base was 
proposed for evaluating the relative rutting characteristics 
of base materials. 
Note 
Further reviews of recent lrork on granular materials 
may be 10und in Allen and Thompson (1973) and Boyce et al 
(1974) . 
2.3 REPEATED LOAD BEHAVIOUR OF COHESIVE SOILS 
2.3.1 Introduction 
The repeated load behaviour of cohesive soils was 
first studied in the context of the pavement design problem 
by Seed et al (1955). This study and subsequent ones, 
Seed and NcNeill (1956 and 1957) showed that deformation 
characteristics determined by normally accepted tests are 
not necessarily indicative of soil deformation under repeated 
loading conditions. 
Since then repeated load behaviour has been examined 
in terms of rheological models, Kawakami and Ogal-;a (1965) (1,2) 
energy and hysteresis, Taylor and Bacchus (1969) or 
predictive equations using rate process theories or empirical 
data, G l ~ ~ ~ and Kirwan (1969), Lashine (1971). 
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2·3.2 P l a s t ~ i c c D e ~ o r r n a a Lion under Rep ea-i.cd Leading: 
>, 
Cohesive soils under the application of repeated loads 
suffer an irrecoverable or plastic strain. 
of th,e effects of' the various loading parailleters on the 
plastic deformation of partially saturated compacted clay 
specimens. Seed et al (1955) found the stress required 
to reach a given strain was lower under repeated loading 
than under normal unconfined compression. A general 
relationship was formulated between the strain after one 
cycle al1.d after any number 01 applications 01 the satne: 
stress" 
Tests were carried out cycling the confining pressure 
in phase with the deviator stress by Seed and McNeill (1957) 
and Seed and Fead (1959). Under these conditions the 
cumulative axial strain was greater than that accruing 
under a repeated deviator stress and constant radial stress. 
The effects of the loading history w ~ r e e examined by 
Seed and Chan (1958). They found that by applying a series 
of conditioning stress pulses for 10,000 applications then 
applying a larger repeated stress, the permanent strain 
was reduced compared with applying a small number of 
conditioning stress pulses. It was maintained that this 
is not due to densification but to some structural rearrange-
ment of the particles. It was also found that the more 
highly saturated samples exhibited a degree of thixotropy, 
evidenced by an increased resistance to permanent deformation 
" .. hen long rest periods were a l l o , ~ e d . .
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2·3<3 Yield Stress Concepts 
Larew and Leonards (1962), testing partially saturated 
compacted soils, found a critical ].e\'el of applied stress 
above , .. -hich the strain rate eventually increased i len.ding 
to shear failure. A similar concept of the existence 
of a threshold stress was proposed by Lashine (1971). 
GlyTln and Kirwan (1969) postulate the existence 01 both a 
lower yield stress below ,iliich no plastic deformation 
develops and upper yield or threshold stress above lrllich 
rupture rapidly occurs. Parr (1972), however, found no 
evidence o ~ ~ the existence of a lower yield stress. Kawakami 
and O g 2 . ~ \ ' a a (1965) (1) and (2), testing a compacted clay, 
defined the yield stress as the stress at lvhich the strain 
rate rapidly increased under the influence of increasing 
stress increments. The estimation of the yield stress was 
carried out after a given number of applications of 
repeated load. They found, as did Seed and Chan, that 
for compacted clay, repeated loading causes a hardening 
effect, and that the yield stress increases with the 
number of load applications. Waters and Shenton (1968), 
testing London clay, discovered a threshold stress below 
which samples subjected to repeated loc.ds reached a finite 
plastic strain limit. 
2.3.4 Plastic Flow Concepts 
Deformation under repeated loading can be considered 
as plastic flow and hence can be examined in terms of the 
rate process theory as it has been in the case of behaviour 
under creep stress conditions.(Section 2.4.2). 
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j\iurayarna (1970) derives au equa-clon using the rate 
process theory to predict 1.:he time to flo-",- f"ailure of clay 
under repeated loads. The equation, however, includes 
parameters related to the number of honds per tL.'1.it arca 
of clay, the temperature, the structural condition of the 
clay and the free energy of activation of the absorbed 
water. These are all difficult to evaluate in practice. 
Glynn (1968) illLd Glynn and Kirwan (1969) developed 
the work of Murayama and Shibata to derive a relationship 
to predict the plastic displacement. This relationship 
assumes the resilient modulus is an index of the non-elRstic 
behaviour. When applied to the results of the AASHO road 
test, this equation gives a measure of agreement. 
Lashine (1971) found that deformation under repeated 
. load at subfailure stresses follows a similar pattern to 
that experienced under the transient phase of creep. 
If it is possible to relate the stress-strain-time 
behaviour of repeated loading to that of creep, then one 
would expect to find a continuous fillLction relating 
behaviour across the whole time spectrum. K o n d ~ r r and 
Krizek (1964) used a compliance function to formulate the 
static and dynamic response of a cohesive soil. The 
compliance lS defined as the ratio of the strain at a 
given time to the applied stress level, normalised with 
respect to the unconfined compressive strength. Fig. 2.1 
sho1vs this function plotted for a single stress level, 
against the logarithm of the length of time for ~ l i c h h the 
10-1 ~ ~ I ,--r-T-l I I T-j -I--! 
§ I I Iii I -:---]1 ~ ~ 10-2 I I I I , I , 
c 
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Compliance function vefSJS time: total experimeri'u[ 
time spectrurn. (After Kondner and Krizek (196!, )) 
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Fig 2.2 Strain rate vari arion with number of c.ycles-
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In'::-lc1 is applied. 
CUXYes each corresponding to a particular stress level. 
Following the analysis due to Nuraya!11a. and S h i b a t a ~ ~
Parr (1972) showed that the plastjc strain rate could be 
Fig. 2.2 
'iv-here 
€ 
-. plastic strain per cycle 
. 
€1 - plastic strain after 1 cycle 
log A 
-
constant 
A - decc.y constant (-1 f'or his tests) 
N = numher of cycles of load application 
Integration of the above equation enables a prediction 
of the plastic strain a f t ~ r r N cycles providing the strain 
and strain rate after one cycle and the cons-tant A are 
known. Lashine ( 1 9 7 3 ~ ~ plotting his results,arrives at a 
similar predictive equation. .He also found that the decay 
constant A varied with the applied repeated stress to 
sample strength ratio. 
Although the plastic strain can be quantified in the 
manner shown above, there seems to exist instabilities for 
o..nJ L o " ~ b u . . r r.. ( Iq, .. \ 
'"-ell' J Y 
some soils similar to those found by Bishop in . ~ ~ work on 
creep. Seed et al (1955) found that sample failure could 
suddenly occur after a large number of load applications. 
Parr (1972) also found this occurring when testing 
undisturbed samples of London clay. 
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As well as an irrecoverable or plastic strain there 
exists under conditions of repeated loading an elastic or 
resilient strain. Seed et al (1955) defined a resilient 
modulus, a n ~ l o g o u s s to Young's modulus, as the ratio of the 
repeated deviator stress to the recoverable or resiJient 
strain. This modulus was Dtress dependent, increasing 
'\'ri th increasing deviator stress and it was considel'ab1y 
greater than the static modulus. Later work by Seed et a1 
(1965) at lO1'rer stresses, however, sho,.;red that the resili_cnt 
modulus decreased rapidly with increasing deviator stress. 
This finding is supported by the findings of other 
researchers whose work on the stress-strain behaviour of 
soils is outlined below. 
Lare,v mid Leonards (1962), working on compacted clay, 
found that the resilient strain increased with increasing 
compactive effort. Ahmed and Larew (1962) showed that 
the resilient modulus decreased with increasing moisture 
content. Kawakami and Ogawa (1963), al.5o working on 
compacted clay, found that the resilient modulus decreased 
with increasing repeated stress. 
Converse (1961) carried out tests on San Francisco Bay 
mud, using an oscillating shear box. Higher strain 
amplitudes resulted in lower shearing moduli. Taylor and 
Bacchus (1969) carried out cyclic strain controlled triaxial 
tests on a clay prepared from a slurry. The moduli 
obtained from these tests reduced ,vi th increasing strain 
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anJpl i 1-uUe. JIUlnf)l11ies and \{ahls (1968) applied an 
oscillating torque to cylindrical specimens in a triaxial 
c e l l ~ ~ Tests performed with Kaolin indicated -that the 
dynarnic .shear modulus decreased \'lith increasing ::;t:cess 
amplitude. Lashine (1971), examining the dynamic stress-
strain relationship of normally consolidated Keuper marl, 
showed that a softening effect was f o u n ~ ~ to take place 
wi th increasing amplitude of cyclic stress, b ~ _ i t t that the 
mean stress had a hardening effect. 
There is clearly overwhelming evidence for both 
saturated and partially saturated cohesive soils, of n011--
linear stress-strain behaviour under repeated loading. 
2.3.6 Repeated Loading Related to Static Soil strength 
A great deal of ",-ork has been carried out ei ther 
attempting to relate the repeated loading behaviour to a 
static soil strength test or measuring the reduction in 
soil strength due to repeated loading. 
Larew al1.d Leonards (1962) defined a critical level of 
applied repeated stress above which the slope of the 
plastic strain against number of cycles curve turns concave 
upwards. The ratio of this stress level to the static 
strength is taken as a measure of the reduction 1n strength 
due to repeated loading. This ratio was found to be a 
minimum at or near the optimum moisture content. 
Konder and Krizek (1964), in their formulation of a 
compliance function (see Section 2.3.4), used the unconfined 
compressive strength as a normalising parameter to allo\v 
30 
La .s hi n e ('197 1 ) '-.1 e l.i 11 e c1 
a singJ.o ~ L o a u i n g g strength (determined by strain 
controlled undrained tests) as q"",..,v. Under repeated 
loading there was a critical range of 
0.75q to o,8o q ) bel.olv ·which applied stresses did not 
max max 
Cause failure, within 't'Thich the chances of failure and 
nOll-f'aiJ.ure 1 , ; ~ e r G G even and above which applied cyclic 
stresses ,,,uuld ul. timateJ_y lead to f a i ~ L u r e . .
by Lashine et 0.1 (1971) showed that the above concept was 
only applicable to normally consolidated specimens and 
that it does not seem possible to easily relate the 
repeated load behaviour of over-consolidated specimens to 
their single load strength. 
In order to relate the behaviour of a sample under 
dynamic loading to its behaviour under single loading, 
Parr (1972) defined a stress ratio, S, as follows: 
S == peak to peak dyn.amic stress applied to sample 
predicted single loading strength of the sample 
For S less than 0.55 there lvas Ii ttle likelihood of 
sample failure, for S between 0.55 and 0.85, not all 
samples failed, for S 'greater than 0.85 all of the samples 
failed within 105 cycles. 
2.3.7 The Effect of stress History on the Repeated Load 
Properties of Cohesive Soils 
The stress history of cohesive soils can be measured 
in the form of an over-consolidation ratio. This is 
defined as the ratio of the preconsolidation pressure to 
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the pressure at which thE: ~ o i l l is r i : n a l l ~ ' r r consolidated. 
Tests ,{ere carried out by Humphries and lvahls (1968) 
on t,vo idealised materials, kaolinite and bentonite. 
The effect on the dY:llamic shear modulus 01 th8 effective 
stress, the void ratio and the over-consolidation ratio 
was evaluated by linear regression methods. 
:found that for the kaolinite the effective pressure was 
the dominal'lt factor and the over-consolidation ratio ,,',ras 
found to be insi,gnificant. In the case of the bentonite 
which had a much higher liqui d limit, the o"\rer-consolidation 
ratio was a little more significant but was still 
considered to be of little importance. Taylor and Bacchus 
carried out cyclic strain controlled tests at various 
amplitudes of strain. Plotting the shear stress against 
the mean effective principal stress for each test gives an 
envelope for the peak shear stress (Fig. 2.3). For over-
. consolidated clay, a series of envelopes is found 
converging to the normally consolidated case. Sangrey, 
Henkel and Esrig (1969) carried out cyclic loading tests, 
each cycle being of ten hours' duration. Under 10K 
stresses, an equilibrium position was reached. Plotting 
these positions in an effective stress space gave a 
series of lines for different consolidation conditions 
(Fig. 2.l.l:). 
Lashine et al (1971) derived a relationship between 
the resilient modulus, the applied deviator stress, and 
the over-consolidation ratio (OCR). H o , ~ v e r , , both 
Fig 2.3 Dynon1ic stress path 
After Taylor Gild Bacchus (1969 ) 
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the moisture content and the effective confining stress 
varied "\,r:L th the OCR and nei ther was taken iEto account. 
Note 
Further comprehensive reviews of repeated load 
behaviour of cohesive soils may be found in Lashine 
(1971), Lashine et al (1971), Parr (1972) and S h a c ~ k e l l
(1973) • 
2. It CREEP BEl-Ii\. VIOUR OF COHESIVE SOILS 
2.4.1 Introduction 
Several researchers into the rep eated load properties 
of clay (Glynn and Kirwan, 1969, Hurayama, 1970, and 
Lashine, 1971) have established that stress-strain-time 
behaviour under sustained loads follo",·s a similar pattern 
to that experienced under cyclic loading. For this 
reason, a detailed study has been made of work carried 
out on the creep behaviour of cohesive soils. A typical 
deformation-time curve of a clay under the application of 
a constant stress shows two main stages, (1) an instantaneous 
strain, and (2) a retarded or creep strain. The study of 
the creep behaviour of cohesive soils has been carried out 
by various authors using different methods e,f analysi s. 
The two main approaches can be outlined as follol'ls. 
Either a model of clay behaviour has be-en developed, 
followed by the analysis of empirical data to check the 
Fig. 2.5 Rheoiogicai model for ciays. 
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Fig. 2.8 Influence of creep stress inter6ity on 
creep rate. 
After Sin 9 h on d M ikhell (1968) 
applicabiJ.ity of t.he model, or experimental data has 
been analysed on a phenomenologj.cal basis to give 
predictive equations connecting the various measured 
2.4..2 Models of Creep !iehaviour 
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Several researchers have based their proposed 
mechanisms of clay behaviour on the w-ork of Eyring, who 
in Glas5tone et a1 (1941), outlines a rate process theory 
for the viscosity of liquids. Using statistical 
mechanics, it is postul.ated that an activation energy lS 
required for the local loosening of particles from their 
equilibrium positions and displacement to new positions. 
Sources of this energy are external forces and the thermal 
energy contained in the material. Developing this 
theory, Murayama and Shibata (1961, 1964) assumed the 
viscosity of clay to be a structural viscosity based on 
the frequency of the mutual exchange of position between 
each water molecule and its void in a bond material 
containing soil particles. 
A rheological model was developed, Fig. 2.5, 
containing both elastic and viscous elements, the latter 
representing the structural viscosity. 
The equations developed from this model agreed with 
experimental data from drained creep tests carried out 
on Osaka clay. 
A similar theory was put forward by Geuze(1963) who 
postulated that the creep mechanism was due to the 
particles and viscous resistance to particle movem€n"L 
wat er ill voids. 
1'1itchell (1964) suggested that the she3xing 
resistance o£ a soil at a given void ratio should be a 
function of the frictional and cohesive properties of 
the soil, effective stress, structure,. rate of strain and 
tempera.ture. By applying the theory of rate processes, 
an expression was derived which provides a relationship 
of all. the above factors to the deviator stress. This 
relationship also implies that the number of interparticle 
contacts is the most significant fa.ctor influencing the 
magnitude of cohesion. 
Christensen and 'iu (1964) considered strain under 
shear stress to be the result of slip at particle contacts 
and that this slip ",-as assumed to obey the rate process 
theory. The behaviour o£ this rheological model agrees 
with experimental results from undrained creep tests. 
Experiments were also carried out using dry clay 
specimens which suggested that absorbed water is not the 
primary source of visco-elastic behaviour. 
A different mechanism is proposed by Barden (1969). 
This mechanism is illustrated in Fig. 2.6. The model is 
hased on a system of micropores and macropores. In this 
mechanism, the primary stage of creep behaviour is the 
dissipation of pore pressures in the macropores followed 
by the secondary compression which is the draining of 
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the m:i.cropures. The hehct-v-iour of the dashpot In thi s 
system can still be cha.racterised by the rate process 
theory. Empirical pov{er la\'is to fit this model were 
found to agree "v.i th e:A-perir,nental findings from tests on 
clay and peat. 
2 It ~ ~• L. J Prediction of Creep Beh.aviour 
Creep strain rates generally decrease 'vi th time under 
sub-failure stress conditions. After a period of time, 
creep may cease, continue at a decreasing rate, or start 
increasing .. It is desirable to be able to predict 
future creep movements. 
Singh and Mitchell (1968) proposed the following 
general function for soils which e:A'"})resses the strain rate, 
. 8, as a function of time, t, and sustained deviator stress, D: 
where A = strain rate at time tl and D = 0 (projected value) 
a = value of the slope of the linear portion of a 
plot of logarithmic strain rate versus deviator 
stress 
tl = unit time 
m = slope of the logarithmic strain rate versus 
logarithmic time. 
Fig. 2.8 shows the relationship between € and D for a 
given time after the start of creep. This can be extended 
to a series of curves for different times (Fig. 2.9, Holzer 
et aI, 1972). 
This equation was derived from experimental data and 
is held to be vnlid irrespective of ,·:hcther clnys ure 
tmdisturbed, remoulded, normally consolidated or over-
36 
consolidated, or tested drained or u I L d r a i l l E : ~ . .
Parr (1972), from experiments on undisturbed samples of 
London c).ay, 5h01';s that the strain rate is a function of 
the applied stress and time of the form: 
Jog ~ ~ = log[k.f(o)] - log t 
where 0 ~ ~ applied stress. 
This type of equation was furtber developed by Singh 
and Mitchell (1969). The time to failure or creep rupture 
of a given soil is given by: 
loge t f = ..--1..J c - ~ D ) )1 - ~ ~ ;:1 
and t f = time to failure 
However, ~ t f f was assumed to be a constant for a given 
soil and must be known in order to evaluate, t f under any 
conditions. 
From undrailled creep tests carried out on normally 
consolidated Keuper marl, Lashine (1971) derived an equation 
describing the stress-strain-time behaviour under creep 
condi tions. This was: 
'where e t = axial strain 
D = applied stress/failure stress 
t = time (seconds) 
This last relationship is only applicable to one material. 
Bishop and Lovenbury (1969) f'ound that , ~ h i l e e the 
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by simple logarithmic or pow·er la·ws, the period over 
'h'hich these ].a1·,TS apply closely is limited, for example, tJ 
100-200 days for London C]8Y. Limited instabi.lities 
occurred after this which were considered to be a 
significant chara.cteristic of some undisturbed clays. 
Sa.i to and U ezawa (1961) found that th.e product of 
the creep rupture life and the strain rate was constant 
and equal to 2140 This, it was claimed, was independent 
of the type of soil and method of testing. 
2 .l} .. I± [{elation of Creep to Pore \·J_ater Pressure 
During undrained creep, excess pore lmter pressures 
are generated. Holzer et al (1972) made a study of hO-';\T 
the excess pore water pressure is related to the 1 • meCll.anl.sm 
for undrained creep. Pore " ~ t e r r pressure under the 
application of a constant stress consists of two components. 
The first is an instantaneous increase which is a f'unction 
of the applied stress, the second is a slow steady increase. 
This second component is a function of the amount of 
secondary consolidation which has taken place. The 
shear strains during undrained creep are directly related 
to the gradual increase in excess pore pressures. 
Shen et al (1973) showed that pore pressure build up was 
related to the initial period of consolidation. 
lvalker (1969) used a theoretical analysis based on 
the theories of Roscoe et al (1963) to suggest that creep 
of pore pressure is proportional to mean effective stress 
ann tho.t crpE'p st-rain and pore prr:.ssure PTe d i r l 2 c ~ l y y
related. 
It is postulated in the rate process theory that 
the activation energy 1S derived from both external 
forces and thermC1l energy. If this theory is applicable, 
then undrained creep should be a t e m p e r a t 1 . ~ r e e dependent 
phenomenon. 
Murayama C'Jl.d Shibata (t 961.) c on firmed that the strain 
rate was directly related to the temperature. An 
apparatus f'or creep tests wi tIl temperature control was 
developed by Mi tchcl.l and Campanella (1964). Using this 
apparatus, a study was carried out sho"ring that creep "\-vas 
temperature dependent. A temperature increase leads to 
a significant decrease ln effective stresses and an 
increase in strain rate. 
Considering creep as caused by energy activation, 
Campanella et al (1968) theorised thnt: 
• 
olog ~ ~T 
01. T 
= 
-E 
R 
where E = the experimental activation energy, f(R,T,e) 
R = gas constant 
T = absolute temperature 
e strain rate 
Experimental data confirmed the above relationship, 
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lending s ~ p p o r t t to the postulate that creep 1S a 
thermally actj_vated process. 
Several researchers have defined yield values 
delimiting the difrerent types of behaviour of soil 
under a constant applied stress. 
Geuze and Tan (1953) define a lo,,"er yield value 
belo1'i which elastic behaviour only is observed. 
Murayama and Shibata (1961, 196 1.::) define an upper yield 
value, a , as the turning point on the strain rate versus 
u 
deviator stress curve (Fig. 2.7). The intercept is 
defined as the J_ovvcr yic Id value ~ ~ a • 
o 
deformation occurs and below" CJ no failure occur S 0 
u 
Lohnes et a1 (1972) carried out in situ creep tests 
in bore holes using a vane apparatus. The yield stress 
lvas defined as the stress below w·hich no creep occurs 
and was determined by extrapolation of the strain rate 
versus shear stress plot back to zero. 
2.4..7 C r ~ ~ Related t ~ ~ Soil Strength and stress Space 
Acceptance of the rate process theory as applied to 
creep behaviour involves the implication that the 
application of external forces will affect the rate of 
creep. 
Singh and Mitchell (1968, 1969), who apply the rate 
process theo.ry to their analysis, have shown experimentally 
that the strain rate is a function of the applied stress 
40 
( ~ i g g s. 2.8 ffild :2.9). 
gener[ ... lisec1 by normalising the applied stress ,vi th 
respect to the soil strength. 
Roscoe et al (1963) cons:idered creep to be a 
diffusion process. Equations are derived :for the shape 
of the state paths and it is sho1\"'Tl. t}lat the effective 
stress states of the samples at the end of a period of 
creep correspond with sta.tes reached under" slow" s t l ~ e s s s
controlled tests (Fig. 2.10). AruJ_andan et al (1971) 
successfully used the equation derived for IIslowll tests 
to predict the values to wflich the mean normal effective 
stress falls during creep. It \-va s al so sho\,m that the 
normal strength, failure during creep, and strength after 
creep aJ_l fell on the critical state line when projected 
onto the same stress plane. 
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CI-li\.PTEE ' 1 ' ~ - l R E E E
OUTLINE OF THE TESTING PRO GRl'')ll·1E 
3. 1 TNTRODUCTIOi'[ 
The programme of tests outlined in this chapter ,';-as 
developed largely 1 v = i ~ ~ th reference to the pavement design 
problem already re:ferred to in Chapter 1 and in the 
revie1v of previous work. 
The work is, however, relevant to other fields 'where 
repeated loading of soils occursc The tests carried 
out on saturated over-consolidated clay are particularly 
relevant to problems currently being encountered in the 
extraction of oil from underneath the North Sea (Bjerrum, 
1973). 
The author was not concerned in establish±ng failure 
criteria as normally understood in the field of soil 
mechanic s. Rather, tests were carried out to assess 
both the response of the unbound materials under repeated 
loading and the relation of this wherever possible to a 
simple laboratory test. 
The resilient properties of the unbound materials ln 
a pavement structure are required for incorporation into 
linear elastic or finite element analyses. In addition, 
the permanent deformation of these materials needs to be 
characterised in order to predict rutting in a road pavement. 
3.2 KEUPER H.l\HL TESTS 
A large part of the testing of cohesive soils under 
repeated loading conditions has been carried out on 
partially saturated compacted soil. If, however, a I'oad 
is being built. in a cut s ~ L t u a t i o n , , then the subgrade n.ay 
consist of a saturated clay ,.;i th a geologicall)r imposed 
stress history. It. is admitted by the author that 
usually the water table in the subgrade varies se2'..:::onally, 
but it has been ~ h o w l l l by Lister (1972) that the greatest 
deformation occurs when the water table is at lts highest., 
and the subgrade, t h e r e f o r e ~ ~ at its maximum saturation. 
Gravity structures at present being constructed for use III 
the North Sea will rest on saturated over-consolidated clays 
and during heavy storms they 1vill transmit cycJ_ic stresses 
to these clays. 
The consolidation history of an undisturbed clay 
determines its final moi.sture content and its behaviour 
under an applied stress. 
The effects, therefore, of three parameters were 
studied. These parameters were the voids ratio or 
moisture content, the effective final consolidation 
pressure and the over-consolidation ratio (OCR). This 
'l'laS carried out 'lvi th two series of test s, KA and KB. 
These are shown diagrammatically in Fig. 3.1 and are ln 
addition listed in Table 3.1. A supplementary series 
of tests (KH) was carried out to extend the range of voids 
ratios and OCR's considered. At each particular 
o 
.-
If) 
~ o o
o 
> 
Log P 
Effective consol idation pressure 
Fig. 3.1 Relation of keuper marl tests to the voids ratio 
- -
and effective consolidaiion pressure. 
KA 10 400 
l'es·t r:r Effective Final E f f e c t i \ ~ - : : l l
S ~ . . ~ ~ OCR Preconsolj.dation Consolidation I I el.J..e::s I /2 Pressure y ~ ~ m I Pressure kN/m 2 I 
KA -r 4 1 160 r 110 ' 
I 40 
KA 20 800 40 
KB 2 440 220 
I KB 4 480 
~ ~ 20 KH 75 -.,.-.._-, 660 3000 120 33 40 
Table 3.1 K . ~ u p e r r Harl Repeated Load Tests 
consolidation history a series of tests at different 
d e ~ ' \ \ ~ ~t-<e-r 
repeated ¥ertieal stresses was performed. 
In order to relate the repeated load behaviour to a 
simple test, two other types of test viere carried out. 
strain controlled undrained tests were used to give a 
measure of the sample single loading strength. Several 
authors (Parr, 1972, Lashine, 1971) have attempted to 
relate repeated load behaviour or strength to this form 
of single loading test. In addition, a series of stress 
W4S 
controlled "creep" tests ."e!r e carried out at the same 
stress history conditions as the KA and KH series repeated 
,'}{ t-t 
load tests (Table 3.2). The data from these tests was 
used to relate repeated loading behaviour to this more 
simple form of test. 
It is quite rare ln practice for a soil to he subjected 
.. ; = - ~ ~ o : i ' d a t i - o T T . Final ----I 
pressure kN/m2 consolidation I 
pressure k ~ / m 2 2
·----4----- ---l 
CR 1-6 160 40 I 
CR 7-12 10 400 ! 
I 
I CR 1)-18 20 800 40 I 
L ~ ~ _ ? _ _ ~ ~ _ 7 75 _ 1 _ ~ _ 3 _ 0 _ 0 _ 0 0__ _..l_ ____ 4 __ 0 __ -...:1 
Table 3.2 ~ e u p e r r Marl Creep Tests 
to continuous cyclic loading. It was, therefore, decided 
to assess the effect of imposed rest periods between trains 
of continuous load cycles (Tables 3. 3( a) and (b)). As 
shovrn in the tables, both the length of rest period and 
the number of load pulses between rests were investigated. 
For the purposes of establishing the stress history 
of clay samples , it is necessary to knOlv the relationship 
between the moisture content and the consolidation pressure 
for virgin consolidated samples. Six samples ,'rere, 
therefore, normally consolidated and used purely for 
moisture content determination (Table 3.4). 
3. 3 BREEDON GRAVEL TESTS 
Traffic loads, in addition to imposing repeated 
vertical stresses, also give rise to repeated horizontal 
stresses. These Can be reproduced under triaxi?l test 
conditions by cycling the confining stress. 
Lashine et al (1971) carried out extensive tests to 
determine the stress-strain behaviour of partially saturated 
No. of - T - r " : " : i g ~ ~ r ~ ~ ~ ~ r <a 1 "-O/t"-) max I 
cycles - I kN rn 2 seconds 
r
----------------- - - - - - - - - - r - - ~ - - - - - - - ------
1 150 8 
8 5 150 
8 10 150 
1 150 
4: 5 150 
10 150 
RPK 19-21 I 1 1 
__________ .1 ___________ .. 150 
OCR = 2 
Preconsolidation pressure = 440 kN/m 2 
Final consolidation pressure = 220 kN/m2 
Table 3.3(a) Rest Period Tests - Over-consolidated 
Keuper Marl - Wet Side 
-
Sample No. of Length of ( C J 1 - ( J ~ ) m a x xrest period Nos. cycles 
seconds leN/m 2 
WK 28-30 8 1 75 
RPK 31-33 8 5 75 
RPK 34-36 8 10 75 
OCR = 10 
2 Preconsolidation pressure = 400 kN/m 
Final consolidation pressure = 40 kN/m2 
Table 3.3(b) Rest Period Tests - Over-consolidated 
Keuper f.1arl - Dry Side 
r-;--] - - - " - - ' - E f f e C ~ j v e e
I Samp _e C . 1 
I N onsolldation os. 2 Pressure k l ~ / m m .t 
NC j, 2 200 
NC 3, 4: lJ:oo 
NC 5, 6 600 
Table 3. ll: Tests to D e t e r m i ~ : e e Virgin : . ! = s o t r o r ~ i c c
Consolidation Curve 
compacted Breedon gravel under repeated loading. It was 
considered that the influence of cyclic confining pressure 
",;rould be more marked on a partially saturated granular 
mat.erial. Tests using a cyclic confining stress were, 
therefore, confined to this material. 
In order to obtain meaningful data under a cyclic 
confining stress , it was necessary to develop equipment i ~ o o
measure lateral strain. This is described in Appendix B. 
A preliminary test series (Table 3.5) was carried out 
to determine the effects of loading history on both resilient 
and permanent deformation properties. Information from 
these tests showed that it was possible to apply sequences 
of loading to a small number of samples to determine the 
resilient stress-strain behaviour. This was not possible, 
how·ever, for the characterisation of permanent deformation. 
Therefore, the main series of tests was carried out as 
outlined in Tables 3.6 and 3.7. Data for the study of 
permanent deformation was obtained from tests both with 
and \\-ithout lateral strain measurement. 
4:7 
r - - - - - - - ' ~ - - - - ' - - - . - - - - , - - - - - ~ - - - - - ----_______ _ 
Cell 
Pressure 
03 kN/m2 
50-150 
50-150 
50-150 
Deviator stress ( ° 1 -0 3) kN / m 2 
50--250 
50-450 
50-650 
50-150 50-250, 50-350, 50-4:50, 50 550 50 h50 I 
- , -:-1 I 50-250 50-250 
~ 0 - 2 5 0 050-250 50-650 ~ ~50-250, 50-350, 50-450, 50-550, 50-650 -,- --_ .. _-------,---------,-
Table 3.5 Preliminary Breeden Gravel Tests 
Test No. Cell Pressure Deviator s t , , : e ~ ; ~ ~
°3 ¥..N/m 2 (cr 1 -(50) l < N / m ~ ~ j 
BA 1-3 200-250 0-200 
BA 4-6 150- 300 fI 
BA 7-9 50-400 " 
BA 10-12 225 " 
BA 13-15 250 " 
BA 16-18 300 " 
I BA 18-21 400 " 
Table 3.6 Camp-arisen ef Censtant Cell Pressure 
and Cyclic Cell Pressure 
r--------- -·-------·-r-------. . 
Pressure ° G R 
2$ 2 3 
Os kN/m kNjrn J kN/m2 
-----------l 
Deviator stress 
(° 1 -C) 3) kN/m
2 
Cell Nean Peak to P""k 1-
~ - - - - - - - - - - ~ , , I _______________________ ~ ~
200-250 I 225 I I I 50 0-200, 0-300, o - ~ o o o
150-300 225 150 
" 
I: 
50 _l}O 0 __ + __ 2_2_5_+-__ ~ ~__ 3_5_0 ___ 1 II 
0-100 50 I 100 1 o ~ 2 0 0 , , 0- 300, 0-l100 
" II 
I 
50-150 100 100 I! 
" "I 
100-200 150 100 " tI " -J 
50 -- ---5-0--+------0------+--0-, 200-, - 0 - - - 3 - 0 - 0 - , - - ~ ~ 4 ~ O O I 
100 100 o 
" " " 
225 225 o 
" " " 
300 300 o 
" 
Il 11 
I 
L-__ 4_0 __ 0____ ~ ~__ 4_._0_0 __ ~ I ~ ~_______ 0 _____ . __ ~ ~____ I_I _______ " ________ " ___ ~ ~
Table 3.7 Tests carried out using Lateral 
Strain Measu.:rement 
4.1 INTRODUCTION 
CHP.P TER FOUR 
DESCRIPTION OF EQUIPHENT 
A brief description is given in this chapter of the 
testing apparatus. A large part of the details of 
modifications and developments in the equip'l1ent has been 
wri t-Len in the form of A p p ( ~ n d i c c es. 
The basic equipment consisting of the triaxial cells 
and loading rigs was not developed by the author. 
Details of the design of the loading frame, and triaxial 
cell may be found in Lashine et al (1970) and Lashine (197:1). 
The development of the electrohydraulic servo control 
equipment is described ln Lashine (1971), Cullingford et al 
(1972) and Parr (1972). Many aspects of the existing 
apparatus were, ho,\vever, found to be unsatisfactory and 
improvements and modifications were carried out to enable 
the carrying out of the testing programme already outlined. 
In addition, an automated data recording system was 
developed which allowed the use of a small computer for 
analysis of analogue data stored on magnetic tape (Appendix 
D) • 
4.2 TESTING RIGS 
Two identical testing frames with associated electronic 
control equipment (Fig. 4.2) were used. Fig. 4.1 shows a 
triaxial cell in position '\vith the load being applied to a 
soil sample. The vertical position of the cell Kas adjusted 
Fig. 4.1 Loading rig with triaxial cell in ' position . 

dig ita I 
Fig.4.2 Control and record ing equipment. 
- - ~ ~
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at the start of' 1 t' . 
.L cae 1 - e ;3-(. uSlng a 111allual SCi. ew j acl\: 
situated underneath. The deviator stress "\VJS applied to 
the sample using a double act.ing hydraulic:lctuator , .. ,.j th a 
100 1l111l S trol\: e. The flo\-v to th2 actuator \ \ ~ i . A S S controlled 
by a ttDowty" servo valve. The servo control is described 
ln Section 4.3. The load could be cycled at f ~ e q u e n c i u s s
up to 30 lIz.. The load range depended on the frequency, 
but at 1 Hz it was possible to appLy a peak 8.5 kN to - ~ ~ h e e
sample (equivalent to a st,ress of 700 kN/m2 ). 
The load w-as measure,d uS:Lng a load cell undernenth 
the triaxial cell. This meant that both frictior.:. on the 
triaxial cell loading ram and the thrust of the confining 
pressure on the ram were being included in the measured 
applied l o a d ~ ~ Corrections were made for both of these. 
The static confining pressure was supplied by 
distilled water from a tank pressurised using regulated 
air. The air was contained in a rubber bladder inside 
the tank. 
The vertical deformation of the sample was measured 
using a linear variable d i f f e r ~ l . . tial transformer (LVDT) 
with a range of 50 mm. The deformation measured included 
the deformation of the system and corrections were made 
for this (Appendix C). 
In addition to being able to cycle the deviator 
stress, there waS also the facility for cycling the 
confining stress. This was carried out using a smaller 
hydraulic actuator which w"as connected to a bello:fram 
piston. This piston "was connected via i" nylon pressure 
51 
tubing -Lo a .sate valve 011 the t r ~ a x i a l l cell. Pro \-i c;ed 
that the system including the triaxial cE;ll "'iv-as carefllJly 
de-aired to reduce compliance to a minimum, it was 
possible to cycle the cell pressure from 0 to 500 k':"'\ljm2 
at a frequency of 1 Hz. 
4. 3 THE ELECTRO -HYDRAULIC SERVO COKTROL E Q U T P ~ \ E ~ S T T
- . ~ ~ .. --.--
The basic electro-hydraulic servo control loop 1S 
sho"'im in Fig. 4.3. An input command signal, together 
'vi th :feedback from the load cell or the LVDT is fed into 
a summing function. The resulting error signal is fed to 
the servo valve which in turn adjusts th.e flo\y- to the 
hydraulic actuator. The valve operates about a null 
position, no flow occurring into or out of the hydraulic 
ram to coincide with a zero error signal. In addition to 
the basic control loop there has been incorporated a stress 
control. The output from the LVDT is fed to a thermistor 
which in turn controls the gain of an amplifier in this 
subsidiary control loop. The result is that as the 
output from the LVDT increases, a compensation is made in 
the load to allow for the increased area of the sample. 
As can be seen, depending on the type of input, 
command signal and control feedback, repeated load, 
constant stress or constant rate of strain tests can be 
carried out. 
A problem encountered during the testing was drift 
of the null position of the servo valve as the temperature 
varied. This is a mechanical phenomenon, but it can be 
Input 
command 
signal 
Force 
Summing 
junction 
error 
signa l 
Control 
amplifier 
'H d ,. ~ ~y raUllC j 
povJer I 
supply I 
r 1'/{-' 
~ H H
, J / ~ ~
/ / ~ ~~ u . ' / / 1 1Servo r ~ " < ; ~ " 0 a a ~ ~ ~ ~ ~ rarTl 
~ l · ·. valve ~ ~ ~ r7l J 
- r1;a ~ ~~ ~ ~ ~ ~ ~ 1 1
• . u·-r-·_-_···_ntl 11 I 
o Isplacel1ent tro nsd u c e ~ ~ j---...!!-l-- -1 J I I Sample ./1 
LoadJ -{ I I 4 1 
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Fig. 4.3 Basic electro hydraulic servo control loop. 
After Parr ( 1972 ) 
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controlled electronically by a l l o w i n ~ ~ the null . . . o ~ ~
- po S 1. 1: l 0 n .L 
the signal to the servo valve to drift 1'[hile keeping the 
mean of the error signal equal to zero at the summing 
junct.ion (Stirl ing and C h a d w i c k ~ ~ 1973). 
A similar servo control loop was used to control the 
cyclic confining p r e s s u r e ~ ~ The phase of this loop could 
be controlled independently of the vertical stress. 
To help overcome friction in both the servo valve wid 
the hydraulic actuator, a very high frequency (700 Hz) 
dither signal 1vas applied to the summing junction. 
4.4 THE TRIAXIAL CELL 
Six triaxial cells were used for the clay testing 
programmes. This gave sufficient time for consolidation 
of each sample to a particular stress history, while 
all01ving full use to be made of the loading rigs. A 
typical triaxial cell used for most tests is illustrated 
in Fig. 4.4. Each cell consisted of a perspex walled lid 
and a base. The connections on the base were for 
confining pressure and end drainage from the top and base 
pl.attens. The bottom platten 1-vas fixed to the cell base 
while the top platten was loose. Each platten had a 
polished stainless steel face and drainage of the samples 
was allowed through porous sintered bronze rings connected 
to separate drainage lines. Several modifications were 
made to the cells to allow certain tests to be performed 
and these are described below. 
~ ~ - -
gate valve for cell 
pressure cycl ing 
cell pressu(p 
transd ucer 
R o. L.. 4 Triax iol testing cell . 
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l1. lj. 1 H i g ~ ~ Pre s sure Cell 
In ord8r to produce sampJ.es o£ a high over-
consolidation ratio (OCR) it was necessary to modirv the 
p e r . ' : : ~ p c x x wal.led cell to aJ_Io,,," pres8urisation to 30,]0 kN/nt 
The perspex walls weJ"e removed and r e p l a ~ e d d by 
anodised aluminium walls 180 mm internal diameter and 
12 mill thick. The 12 rods clamping the cell top together 
were replaced by slightly longer silvered steel Olles to 
allow the use of fuJ_l ~ t I I BSF nuts instead of the half nuts 
already fitted. A shear test was carried out of the 
thread on these rods which gave all adequate factor of !:iafeLy 
against failure .. In addition, the six clamps attaching 
the lid to the cell base were redesigned to give a greater 
load bearing area, and to allow the use of ~ " " BSF bolts. 
4.4.2 Pressure Transducers 
The original transducers for monitoring the cell 
pressure were installed inside each cell lid and ''lere 
manufactured from aluminium alloy. They were found to be 
badly corroded and ''lere prone to leakage under pressure. 
New transducers were, therefore, manufactured from brass 
and stainless steel and located outside the cell lid as 
shown in Fig.. 4 . 4 . A s t ~ i n l e s s s steel diaphragm was 
clamped between the tl'."O brass halves of the transducer. 
The transducer body screwed onto a valve located on top 01 
the triaxial cell. (Further details may be found in 
Appendix A.) 
Fio. Lr; High pressure triaxial cell. 

J.ocated beneat1: the cell base and '<rere found to be 
unsa·tisfactory for several reasons. Their sensitivity 
was very low and there was a large air trap ' ~ l e r e e the 
klinger cock used for venting the system was screwed into 
the base. Despite all attempts at de-airing the system, 
it lvas diff'icult to reduce the compliance to a level 
where pore water pressure measurements 'vere reJ_ia.ble. 
The po si tion of the gauges al so rendered them li<"ble to 
damage and damp. 
The original transducer was replaced by new transducers 
manufactured from stainless steel placed on the outside 
of the cell (Fig. L1 ll) • .L • By careful design of the 
connectors the compliance of the system was r e d u ~ e d d to an 
acceptable value (see Appendix A). 
4.4.3 Elimination of Friction 
. , 
The triaxial cell as originally designed incorporated 
a pressure equalisa.tion device intended to eliminate the 
upward thrust exerted on the ram by the cell pressure. 
This had been thought necessary because the load cell was 
located outside the triaxial cell. The device, however, 
needed three tightly'fitting seals on the ram. Although 
this compensated for the upward thrust of the cell pressure, 
it created an even larger problem because of the high 
friction on the ram. The friction force varied according 
to the surface condition of the ram, the state of 
deformation of the sample (i.e. position) and also with 
frequency of stre;o:,s application. 
250 N were measured. 
Values as high as 
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The t1.;rO top seals 1.;rere, therei"ore. removed. When 
the ram was cleaned 1\reJ_I in paraffin and then lubricated 
with tlVaxiella" oil, it was found to drop under its OWll. 
" , ~ e i g h t . . This level of friction 1·ras considered acceptable. 
The problem of upward thrust on the ram due to static 
and cyclic cell pressure has been solved by applying a 
compensating factor to the calculations in the data 
analysis. 
4.4.4 Lateral Strain Measurement 
In order to satisfactorily characterise the behaviour 
o:f partially saturated granular materials under cyclic 
cell pressure, it is necessary to measure the lateral 
strain as well as the vertical strain. It was decided to 
use strain coils for this purpose (Fig. 4.6). A 
description of their development and method of use may be 
fOl.U1.d in Appendix B. 
4.5 DATA MONITORING EQUIPMENT 
Monitoring of the tests was carried out using several 
devices (Fig. 4.2). Repeated load tests were monitored 
uSlng a digital voltmeter in combination with a dual trace 
oscilloscope. The digital voltmeter had a facility for 
holding maximum and minimum voltages. Readings were 
recorded to four figures on a prepared data sheet. In 
addition, an ultra-violet oscillograph chart recorder was 
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used when storage of data '\Vab required. This "ras used 
for the beginning of repeated load tests, creep tests 
and for monitoring the whole of the strain controlled 
tests. U E-,il.Lg thi 3 fac:ili ty, i twas po.:: si!}le to record 
six channels simultaneously on photographic paper. 
An automated data colJ.ection process 'vas develol"Jed 
uSlng a 14-channel F.M. tape recorder. This system 
incorporated a programmable unit which o.1lo1ved data to be 
recorded f O J ~ ~ any length of time at preset intervals. Data 
from the tape recorder was then analysed using a small 
computer. Details of this may be found in Appendix D. 
11.6 CONSOLIDATION EQUIPHENT 
4.6.1 One-Dimensional Consolidation 
The consolidation of Keuper marl was carried out in 
The first stage was one-dimensional 
consolidation from a slurry in a mould. The equipment for 
this stage is sho,,"'ll in Fig .. 4.7, and allows consolidation 
at two independent pressures. For Keuper marl, the lowest 
prossure ,vhich produced a sample which 'vas easy to extrude 
and handle 'vas 150 kN/m2 • 
4.6.2 Over-consolidation Apparatus 
In order to reproduce stress history effects on the 
clay samples, they were first pre-consolidated at a given 
pressure under drained conditions in the triaxial cell and 
then allowed to finally consolidate at a fI swell back ll 
pressure. 
Fig. 4.7 
~ - - - - volume change indicators 
consolicbtion pressure 
control panel 
One - di mentional consolidation moulds . 
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To carry out this process, it ~ \ T a s s n e c e s s a : ~ y y to 
have Lt variable cOllfining pressure in the triaxial cell 
and a back pressure on the drainage line to maintain full 
sat.urationc it was considered necessary to 
monitor the i'low of moisture into and out of the samples. 
The confining pressure was supplied from a pressure 
tank filled with distiJ_Ied water and pressurised using a 
regulated air supply fed to a rubber bladder inside the 
tank. The back pressure for the drainage line was also 
supplied from a pressure tank maintained at t50 kN/m 2 for 
most tests. The pressure for this tank l,,-as supplied from 
a perspex reservoir in 1\Thich the pressure was maintained 
by regulated air ~ l i c h h was separated from the water by a 
50 mm layer of paraffin. This system was necessary to 
allow for a greater volume changes on the drainage line 
which a rubber bladder could not cope with. 
The flow of moisture on the drainage lines was 
monitored by a bank of six volume change indicators (Fig. 
4.8). 
4.6.3 High Pressure Supply 
In addition to the pressure lines already outlined, 
it was also necessary to supply a very high pressure for 
the KH (high OCR) series of tests. Using air pressure 
the safest maximum that could be achieved 'vas 900 kN/m2 • 
In order to be able to pressurise the cells to an 
effective confining pressure of 3000 kN/m2 , j t ,.;as 
necessary to supply an additional high pressure line. 
Fi g. 4.8 
volume chan 
i nd icators ..... -.. ..... . . - - ~ ~... 
Null indicator used for 
PWP transducer compliance 
testing 
control 
valves 
isotro ic 
Isotropic canso I idation and compl iance testing 
equip ment . 

The pressul'e for this line was suppli8d by an 
"Airhydro Power .Unit" (Ii'ig. 4.9). This power unit ",,"as 
in effect a pressure amplifier and pump combined. 
Using a regulated air supply, water was pressurised using 
two connected pistons whose areas were in the ratio of 10:1. 
Pressure was maintained on the return stroke by a non-
return valve. The pumping action continued until an 
equilibrium was reached when the wat.er pressure was ten 
times the air pressure. Using this system, it was possible 
to maintain the required maximum pressure of 3350 kN/m2 ± 1%. 
The reduction in pressure during the swelling process 
was limited to increments equal to the back pressure on 
the drainage line. For this series of tests the back 
pressure was, therefore, raised to 350 kN/m2 to speed up 
the c o n s o l i d ~ t i o n n process. 
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CI-lA.PTER FrYE 
EXPERIHENTAL PROCEDURE 
5. 1 CLAY SAJ1PJ.,I-:: PREPARATION 
5.1.1 Slurry PEeparation 
The material used in the test programme 'hras obtain8d 
from a J_ocal brick"\vorks .. It was £irst oven dried, then 
crushed in a m.ill and those particles passing a No. 200 
sieve were stored in plastic b i n s ~ ~
A slurry of the clay was prepared by thoroughly mixillg 
the powdered clay 1vi th distilled de-aired \-;ater to a 
moisture content of approximately t'v;ice the liquid limit 
(70%). Enough slurry ",vas prepared at each mixing to p r o d u c l ~ ~
three specimens. The mixing 1vas carried out in a ilHobart" 
mixer for several hours to produce a uniform slurry. 
5.1.2 One-Dimensional Consolidation 
The slurry was transferred to the one-dimensional 
consolidation moulds (Fig. 4.7). Each mould was 101.6 mm 
in diameter. To ensure sample uniformity mId to speed up 
the consol.idation process sample drainage was allowed from 
each end. The consolidation process took three days. At 
the end of this period, the samples were extruded from 
the mould into a 102 x 102 mm cylinder. The ends of the 
sample lV-ore trimmed using a thin wire cheese cutter. The 
off-cuts were used for moisture content determination. 
5.1.3 Cell Base Preparation 
A shallo,v- trough 60 mm deep was mounted on tl'.e cell 
60 
b a . ' ~ e . .
Then the pore vater pressure measuring system \ \ ~ a s s flushed 
thoroughly with -,,\'ate:c until all air I';,"O.S remcved.. A 
b l a n 1 ~ ~ \\'"as inserted u.t one end and t1'1e n 1 . ~ l l l indication 
equipment (Fig. 4.8) ".;ras used to check the compliance of 
the system. 
was taken as acceptable. This was equivalent to 0 ~ 5 5 cm 
movement of the mercury column for a pressure drop of 
500 kN/m2 • If this value was not obtained, any remail1ing 
air -.,.ras removed by dissolving it under a pressure of 
600 kN/m2 for five or six hours and then flushing the system 
under pressure with de-aired I\-ater. To prevent the 
formation of corrosion gases, the system was then flushed 
through with a buffer solution with a pH value of 7. This 
solution inhibited corrosion by preventing the formation of 
acids in the system. A ceramic probe which had been 
boiled for several minutes to remove any air was screwed 
into the centre of the bottom platten. Fig. 5.1 shows the 
probe in position with the trough removed. 
The end plattens were cleaned, polished, smeared with 
silicone grease and a latex disc placed on each one to 
reduce sample end restraint to a minimum. Both plattens 
were thoroughly flushed under water to remove any trapped 
air'. 
5. 1.4. Clay S a l ~ e e Hounting 
The sides of the sample were lightly scraped with a 
spatula to remove any mould grease lrllich might block the 
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:fil tor palJer drai:ils. The sample ""-as then 1veigh0d and 
placed 011 the bottom pl2.tten forcing the ceramic pore 
pressure probe (6 mm dia. x 10 mm high) into the ba:::e of' 
the sampJ_ e. The top platten was placed in posi tion c.'..nd 
the fiJ_t.er paper drains were attached to the s:1.ntered 
bronze d:!.'ainage rings by means of t1';0 latex hands (Fig. c:; 2' 
./. ,. 
A membrane was placed on a vacuum former and slipped over 
the s a m p l e ~ ~ A small tu")e ",as inserted bet,v-een the top 
platten and the membrane to allow" trapped air and 1vater to 
escape. lnlen all air had been carefully removed from 
between the sample and the membrane, the tube was r e m o v e d ~ ~
and two sealing rings were placed around the plattens at 
each end. The top drainage line "las connected and the cell 
was filled 1",ith distilled de-aired "Tater. 
5.1.5 Consolidation in the Triaxial Cell 
A confining pressure supplied as described 111 Section 
4.6.2 was connected to the cell and the pressure adjusted 
to the requi.red preconsolidation pressure. The drainage 
connections for the top and bottom plattens were connected 
to a back pressure of 150 kN/m2 for the low OCR's or 
350 kN/m2 10r the OCR of 75. In the case of the high 
pressure consolidation, the vent for the pore water pressure 
transducer had to be left open to prevent damage to the 
diaphragm. The preconsolidation of the samples was allowed 
until volume change had reduced to less than 1 cc per day 
measured by the volume change indicators (Fig. 4.8). This 
stage usually took from four to six days. The cell pressure 
top 
platen 
Fig. 5.2 Keup?r marl sample during sett'ln g up procedure . 
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was t.hen reduced in 150 kN/m2 i n c r e m ~ n t s s to the appropriate 
final consolidation pressure. Care was taken that 
negative pore water pressures did not develop_ S\velling 
of the sample usually took from two to three days .. 
5 - 2 GRAl'.T(JLAR SAMPLE PREP AHA TTON 
5.2.1 Granular Sample Compaction 
The granular material used was a crushed rock passing 
a -i" sieve. It "ras carefully sieved and graded to give 
a grading curve the same as that one used by Lashine et al 
(1971) • 
Samples were prepared by compaction in a split mould 
using a falling hammer. The standard AASHO method of 
compaction was used, the material being compacted in. three 
layers with 25 blows to each layer. This produced a sample 
just wet of the optimum moisture content (OMC). The 
samples when removed from the split mould were stiff enough 
to be handled. 
5.2.2 Granular Sample Mounting 
The sample from the mould was placed on the prepared 
cell base. The top platten was put in position and the 
filter paper drains put in place. A latex membrane was 
placed on the sample using a Vacuum former. For some of 
the tests the strain coils were placed on the sample using 
the techniques outlined in Appendix B. The top platten 
drainage was connected and the cell filled with distilled 
wa"i;€r. The samples ~ ~ r e e allowed to consolidate for several 
hours before testing. The drainage cocks were l e £ ~ ~ o ~ e n n
to atlnospheric pressure. 
5.3 TESTING PROCEDURES 
5.3.1 Repeated Load Tests on Clay 
Samples were placed on the loading lllachine ,·;rhcre the 
following procedure was carried out. The confining 
pressure was reconnected and the cell pressure transducer 
screwed onto the small valve on the cell top. The pore 
pressure transducer cock was opened and the strain gauge 
bridge electrically balanced, the klinger cock was then 
closed again and the response of the transducer observed, 
and the equilibrium value of the pore water pressure (PlJT» 
noted. 
The cell was moved using the screw jack underneath 
until the output from the LVDT connected to the cell ram 
was approximately zero. The output was noted for a nominal 
deviator stress of 2-3 kN/m2 • 
The drainage cocks on the cell were kept closed and 
samples were tested undrained. A constant load equal to 
the mean value of the repeated load was first applied 
followed immediately by the increase of the cyclic 
amplitude to the appropriate value. The initial 10-15 
cycles were at 1 Hz, then the frequency was increased to 
10 Hz and readings of the deformation, deviator stress, 
cell pressure, and pore water pressure recorded uSlng the 
digital volt meter (DVM). The initial stages of the test 
1-;rere recorded using the ul tra-vioJet record pr. 
were also taken automaticalJ_y at fixed intervals on 2. 
14-channel F.M. tape recorder. 
5·3.2 Repeated Load Tests on Granular Materials 
The setting up procedure for the tests on Breedon 
gravel was very similar to that folJ.01ved for the clay. 
As the samples were partihlly saturated, they were 
tested drained without pore water pressure measurement. 
If cyclic cell pressure 1'laS required, then the 
bellofram piston was connected via a nylon tube to the 
gate valve 011 the cell base. Care was taken to flush 
out any air in the line to maintain compliance at a minimum. 
In the case of c.yclic cell pressure tests, 100 cycles 
of cell pressure were applied to condition the sample 
before the application of the vertical deviator stress. 
5.4 STRAIN CONTROLLED AND CREEP TESTS 
All of the single loading tests were carried out on 
the saturated Keuper marl samples. The procedure for 
setting up the creep tests was similar to that used for 
the repeated load tests. The only difference being that 
instead of applying a mean stress first, the full stress 
was applied immediately and maintained at as near a constant 
level as was possible within the limitations of the equipment. 
A series of strain controlled T'strength" tests ,'ras 
also carried out. The rate of strain in these tests 1vas 
O.075%/min. This Kas in order to all01v pore press1.lre 
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equiliLriwIl in the samples throughout the test. 'fhe LVDT 
was used as a feedback on the servo loop and a ramp voltage 
as the command signal. 
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DISCUSSION OF RESULTS f : ' R O ~ 1 1 T E ~ T S S ON KEePER NARL 
6. 1. :1 NTHODGCTLON 
Tests have been carried o u ~ ~ on over-consolidated 
saturated Keuper marl to characterise the plastic and 
elastic properties. Carefully prepared reconstituted 
soil was used in order to be able to d e t e r m i ~ e e lrllich 
parameters are the most important ln the study of repeated 
load behaviour of over-consolidated clay. The effects of 
the stress history, moisture content and consolidation 
pressures were studied. 
".Ii th reference to the accumulation of plastic strain 
a modeJ_ has been developed relating the phenomenon of" 
creep to repeated loading. In addition, repeated load and 
creep behaviours of samples prepared to diff"erent stress 
histories have been found to fit general models according 
to 01ether the samples are heavily or lightly over-
consolidated. 
Elastic behaviour has been found to be dependent on 
the applied stresses and to be independent of stress 
history or moisture content. Tests using rest periods 
as opposed to continuous loading show a large delayed 
elastic component of deformation. For the purposes of 
pavement design this component should be considered in any 
estimate made of modulus under repeated non-continuous 
loading. 
r_ 
Oi 
6. 2 THE N A T I ~ I ~ L \ L L
Geologica1J_y, Keuper marl consist s of a .serle::., of red-
bro·Wl1. mudstones and silty mudstones of Triaf'sic ag e 
(Chandler Jnd DRVis 5 1973). TIle Keuper marl ( ) u t c : : . ~ o p p
:forms tlvo limbs either side of the Pennines 1v-hich unite 
in t,he }.:Iidlands and extend southw·est to the Bristol 
Channel. Particle size analyses show a variation iri the 
clay Slze fraction according to the degree of weathering. 
The material used in the test programme 'vas obtaiEed 
from a local bricklvorks. In order to produce consistent 
samples only the portion passing a No. 200 sieve "\'las used. 
The materivl ·was o"'.'e11. dried, crushed in a miJ_l and tho;-,e 
particles passing a No. 200 sieve were stored in plastic 
bins. 
standard classification tests performed on the material 
yielded the following results: 
Specific gravity: 
Liquid limit: 32.0% 
Plastic limit: 18.0% 
Plasticity index: 14.0% 
The particle Slze distribution, determined by the pipette 
method for the material passing the 200 sieve was: 
Coarse silt: 48.5% 
Hedium silt: 14.5% 
Fine silt: 19.0% 
Clay: 18.0% 
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The liquid J _ i l 1 l ~ L J L - , , l·lastic limit and sPecific gravi-Ly 
arc the same as those given for a typical marl by Chandler 
and Davis (1973). The clay size content is, ho'.;-ever, 
l o ' ~ \ - ( : r r than their value, which may be due to aggrGgat GS 
of clay particles forming silt sized p a r t i c l e s ~ ~
a property of unlqeathered marl. 
This lS 
6. 3 ..RELATIONSHIP _, BET'VEEN CONSOLIDATION PRESSURE AND 
HOISTLRE CONTENT 
T,,,-o main series of repeated load tests 'lqere carried 
out on the Keuper marl. Samples in the first series (KA) 
al.l had a constant initial effective confining pressure 
'mile in the second series (KB) the 
moisture content -was approximately constant. There ' l ~ a s s
some scatter in the final moisture contents for these 
tests resulting in a range of moisture contents from 18.4 
to 20'.2%. A supplementary series of samples were produced 
at an over-consolidation ratio of 75. This was done to 
extend the range of OCR's and moisture contents being 
investigated. The idealised equilibrium moisture content 
versus effective confining pressure relationships for 
these tests is sho'\m in Figs. 6.1 and 6.2. The virgin 
isotropic consolidation curve was determined by prep&ring 
a series of normally consolidated samples. This curve 
is in good agreement with those dravm by Cooper (1970) 
and Lashine (1971) for the same material. The sw'elling 
curves were drawn. as straight lines since no measurements 
were taken at intermediate pressures. Cooper (1970), 
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however, found that the swelling l i n e s w ~ r e e 1n fact 
non-parallel and curved concave upwards. 
From Figs. 6.1 and 6.2 the average values of 
equivalent pressure P
e 
were obtain8d and are shown on t.he 
figuresa Pe is defined as the pressure of the point on 
the normal or virgin consolidation line 1\.,-hich is at the 
same specific volume (moisture content) as the sample 
itself (Roscoe et aI, 1958 and Wroth and Loudon, 1967). 
This parameter can be used in the prediction of sample 
strength (see Section 6.4 .. 2), and in addition allow·s 
samples with different stress histories to be normalised 
onto a single stress plane. 
6.4 SINGLE LOADING STRAIN CONTROLLED TESTS 
Samples were tested undrained with pore water pressure 
measurements. The cell pressure was maintained at the 
swelling pressure throughout the tests. 
pore pressures to reach equilibrium during the test the 
samples were tested at a IIslowH rate of strain of 
0.076 mm/min. '1'his value had been used by Lashine (1971) 
when carrying out similar tests. The object of the single 
loading tests was to obtain a simple strength criterion to 
compare with the behaviour under repeated loading. Pore 
water pressure, deformation and strength characteristics 
were examined. 
6.4.1 Pore Water Pressures 
The behaviour of pore water pressure in this type of 
70 
two different ways. Firstly, it was compared 1\'-i t.h the 
applied deviator stress by examining the non-dimensional 
pore w'ater pressure parametAr "A" where: 
A - 6u 
- lc '---0--' ~ ) ) (6u - pore water pressure change) 
1 3 
Secondly, the results ... ;ere presented by dividing the 
pore water pressure by the equivalent pressure D • 
.... e 
The variation in the pore water pressure parametar 
"A" is sholvll 1n Figs. 6.3 and 6. l1:. All the .samples shov-red 
a steep rise as the load was initially applied. On further 
straining the value of "A" . tended t o , \ ~ a r d s s an equilibrium 
value. 
The cOl1.trasting ways in which the pore water preE- sure 
develops is an illustration of the different soil particle 
structure s. This difference J..n structure , it will also 
be shown, is evident also in the creep and repeated load 
behaviour of the soil. The contrast is best shown in 
Fig. 6.5 ~ l e r e e the pore water pressure 1S normalised with 
respect to the equivalent pressure and plotted against the 
longitudinal strain. As the OCR increases, the equilibrium 
value of u/p decreases. 
e 
It is possible to divide the samples into two categories; 
these are, samples on the "wet" side and samples on the 
"dry" side of the critical state (Roscoe et aI, 1958). 
Samples on the wet side are those which develop positive 
pore pressures during shear while those on the dry side 
develop negative pore preSSUl'(;!S. 
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6 . ~ . 2 2 The Stress Invnriants p 2 n ~ ~ q 
In order to better ~ x a m i n e e the single loading strength 
of samples the following parameters ~ e r e e used: 
Deviator stress q = (°
1
' - 0 ,) 
3 
Mean normal effective stress p = ~ ( O l ' ' + 203') 
By normalising p and q with respect to Pe it 1S pOE'sible 
to compare tests carried out at different void ratios. 
Fig. 6.6 shows the non-dimensional parameters qlp and pip 
e e 
plotted against each other and is the projection of all the 
plots of q against p onto a single plane. It Can be S8en 
that whatever the starting point all the stress paths 
converge on one point, the critical state, at which q/p 
e 
is equal to 0.45 and pIp equals 0.36 for this particu:Lar 
e 
soil. 
Some strain contours have been plotted on Fig. 6.6. 
These follow a similar pattern to those plotted for kaolin 
by Wroth and Loudon (1967). It can be seen that those on 
the dry side of the critical state converge on a point on 
the piPe axis. The contours on the wet side are, however, 
parallel to the piPe aX1S. In addition, it can be seen 
that a larger proportion of the sample strength is mobilised 
to reach a given strain on the wet side than for highly 
over-consolidated samples on the dry side. 
The development of the terminal value of q/p is sho.,"11. 
e 
in Fig. 6.7. As th6 OCR increases, the terminal value is 
reached at a higher strain. This terminal value is defined 
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The value of qf/P
e 
of 0.45 Can be used to calculate 
the single loading strength of the material tested for 
any -va]_ue of p _ • The actual values o b t a i n E ~ d d from si.1ch 
I.::; 
tests are compared with the calculated Vc.lues in Fig. 6.8 
and a reasonable correlation is noted. 
6 r:: • :J PLASTIC DEFOm1ATION UNDER CREEP l'u'JD REPEATED LOADTXG ______ _ __________________ .• ___ ~ ~___ 4" _ _ . 
The behaviour of samples under creep and repeated 
load has been found to be essentially very similar. 1'1)8 
two types of behaviour will, therefore, be studied together. 
The accumulation of plastic deformation under repeated 
loading 1vill be sho,\ ... TIl to be directly related to flo";'l under 
creep conditions. In addition, a general model ,viII be 
outlined relating both creep and repeated load plastic 
deform,-ttions to the stress history and sample strength. 
6.5.1 Undrained stress Paths and Development of Pore 
water pressure 
stress paths for repeated load and single loading 
tests are compared in Fig. 6.9· The points represent the 
repeat ed load tests and are at values of q/p e in ,,;hich 
q = qmax· The tests would, in fact, move through an 
area of stress space rep resented by a parallogram enclo sed 
by the lines representing q and q = 0, and 'vith sides 
max 
of slope equal to a third, since p = q/3 + as'· 
Comparison of the repeated load stress paths with 
those for strain controlled tests indicates that the 
equilibrium value of pore water pressure under repeated 
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loading -1.8 g r e c t t e J , ~ ~ for a g1.ven value oC q than tlJat E > , t t a i n ( ~ d d
in strnin controlled tests. A similar conclusion ,'.-0.8 
reached by Roscoe et al (1963) when cou:;paring creep an,d 
strain controlled tests. They suggest that the t l ~ C C
effects in any creep of soil are associated ,dth a 
diffusion process. Lacerda and Houston (19"/3), carrying 
out s 1 ~ : I - e s s s l'elaxation test s, f01 .. Uld the variation of pore 
pressure during the relaxation period is very small, lending 
support to the hypothesis that the magnitude of pore 
pressures depend exclusively on the amount of .L • s l.raln. 
The variation of pore pressure parameter flAil 'vi th - ~ - h e e
number of cycles of appJ.ied load is sho1\111 in Figs. 6.10 and 
6.11, where A = /:,u/«(Jl-(JS) • 
max 
It can be seen that an 
equilibrium value of pore 'vater pressure is not rE'ached 
until between 106 and 106 cycles. For a very lightly ove.r--
consolidated clay, the maximum value of HAft increases , ~ - i t h h
increasing deviator stress. 
Undrained stress paths for creep and repeated loading 
are shown in Fig. 6.12. Comparison of the paths for an 
OCR of 10 shows that higher peak values of pore pressure 
are reached under creep conditions. However, in general, 
the stress paths are very similar. 
Typical variations of pore pressure parameter "Aft 
under creep and repeated load conditions are shown for an 
OCR of 10 in Figs. 6.13 to 6.15. It can be seen that for 
each value of applied deviator stress, the behaviour of 
the pore water pressure under repeated load and creep is 
very similar. 
-~ ~
~ ~
OJ 
0·6 
I 
0-4 
KEUPER MARL 
Test l.q,max 
no. 
+ I KB6 200 kN/rn2 
• I KB3 1 50 kN/m2 
6 ! KB 1 100 kN/m 2 
{21 I KB15 100 kN/m2 
IOCR 
2 
2 
}O I 
I I ! ± I ' +l.---+ 
'7'-: + I I I 
' I 
/'1 
..1. I 
~ ~ ~i . t ~ ~1----- j i 
-, 
...-
A I KB19 120 kN/m2 20 
I 
OJ 
~ ~ I /+- _-L=rl '- I 7! ,/ 8. O· 2 r--- /," 0.,.-<:;-:::"2__ _ c. 
(\) b + ~ ~ ----r' ! ~ ~ ~ ~ 1 ~ ~ I I I Ul C. . ! 8 - - - - ~ 0 - _ _ ' : ~ ~ , ..., ~ ~ L ~ ~___ ~ _ - - - t - - - - T - ~ ~ 0 ~ - _ . _ ~ ~ ~ . ~ , , _ ~ ~
- , /./ I ~ ) )~ ~ 0 i . i 
0.. I I . I 
r-: I I I .r-I __ _
c£ _ 0·2 I I i I 
I I I 
I i I I i 
3 
'-+ 105 - 0 . L. I 2 10 10 , 
10 f . I c: N Num ber 0 cYCte __ 
1 
I Cl. 
~ ~
i--
I j 
10 10 6 " 10 1 
Fig. 6.10 Variation of pore \v cter pressure paramei-er IA i 'Nit h nUrl1ber of cycles for 
--------------------
over con sot ida t .:: d k e u per mar l I 1 I . - t r e n o G - ; - : - ~ i i ,r {-1 ("1 j pc: S 
- 1--.- ..- ~ ~ .... ) '--- - - -- -' - -
~ ~
s-
Ci 
-w 
E 
0 
s-
o 
0.. 
OJ 
s-
:J 
~ ~
<lJ 
L-
0. 
<lJ 
L-
0 
0.... 
0-6 
0-4 
0-2 
0 
-0·2 
- 0·4 
1 
Test no. 
KEUPER f'.1ARL 
K88 
K B SERIES 
KB11 
10 10 2 10 3 
Number of cycles 
qmax OCR 
i 150 kNlm2 4 100 kN/m 2 I 4 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
----, 
I 
I 
i 
I 
I 
I 
I 
-------! 
I 
I - - ~ ~_. ____ L 
104 '10 5 106 107 
Fig. 6.11 Variation of pore 'Ncte':- pressur2 parameter lA' v.;ith --: .'mlJ:-:r of cycles for 
. __ .. _. 
OV2rconso) i do -t e d : -. ~ . . : ,,. - J... . I - d '. -, -- t t< '.:' U Dr? r :, J G r L r c p ~ : : !." ~ ~ c:.\ 0 l () G • '::' ~ ~ s. 
-.---------- -----_._--- --------_._-------------
q 
Pe 
I Test no. 
+ I KA 903 
0-8 01 KA 1001 
01 KA 30 
.1 KA 1 3 
x 1 KA 16 
<t> I<A 17 
0·6 6. CR 60 
$I CR 10 
G CR 11 
OCR I L 4 I 
4 ri 4 I 
I 
10 
10 
1 0 
4 
1 0 
1 0 
---
sample fai lure 
i-
re peat e d load tests 
creep tests 
stmin -controlled tests 
o-'-r-'-O 
/ 
/ 
. Lf f.=--e o ·4 I '\ \j;V' fJ-+.=-:- ~ : : ->---------------< 
( F . J ~ - ; ' '
~ y y
__ 0- _ = ~ ~ - kw # 
) ( - · ~ I x x '_I /' s-- -18 I! 
l : 1 ~ ~ L ~ V V_______ ~ _ _
0·21 T T - ____ -.-i 
i 
! 
0·1 0·2 O· 3 DI. I/Pe 
'" r U· '-'0 0-5 0-6 0-7 
Fig.6.12 Undrained stress paths undc:, creep Gnd repeated l o o j i : l ~ l · ·
-----------______ 0 __ ----
~ ~
=' ~ ~
OJ 
1.-
n. 
OJ 
1.-
0 
0... 
0-6, 1 I I. -q;l 
KEUPER MARL Test no. qmox ~ y p e e of "lest 
OCR =10 I ~ ' ' CR10 130kWm21 Creep 
0-4 KA 13 I 30 kNlm21 
-0·2 
-0 °4 
10 
~ . . 6.13 Voria tion 
10 2 
- - - ~ ~ ~ - ~ ~ --- - ~ ~
103 
• 
I 
1 0 ~ ~
Time I sees 
I 
~ ~
I 
_...J 
10 5 10 6 107 
of pore vJelter pressure pcro.me:·/2i 'AI under creep and : ~ r ' P 0 G h ~ ) d d
- - - - - - - - ~ - - - - - - - ~ - - - - . - - - -
lo a cJ condit D \ · l ~ " "
- - - - ~ ~
. 
<t: 
--
'-(l) 
-(lI 
./" 
0·6. I l I 1 J 
I KEUPER MARL I Test no. qmax Type ci test 
OCR = 10 II CR 11 5JkNlfrf Creep 
I I x KA 16 150 k t ~ ~ Repeated a · t. ! I I load 
§ 0 ~ ~ - t - + ~ ~~ ~ -0'21 -- ~ ~
is.. 
OJ J: -004 1 --, 
I I I I 
I : I I 
-0,6' I I I ! I ~ ~
1 10 102 103 104 105 106 107 
Time T sees 
Fig. 6.14 Variation of pore water pressure parameter 'A i under creep and repeated 
load conditions-
I 
I I 
0·6 
f 
1 
I 
I j 
II -- ITest no. qmax lType 
KEUPER MARL 
OCR=10 
I 1 r-l o f ' : ~ 1 1
:- 0 I CR 8 70kNIffiZi Creep H f--0·41 
¢ KA 17 75kNAn2j Repeated I i 
load ! I , 
~ - - - - ~ - - - - - - ~ - - - - - ~ ~
, I ~ ~ ~ ~ 1 ~ ~ w 
..... . 1) ~ ~ I I (l) y ~ ~ ~ ... 'lJ E 0 - - C ~ \ - , . " : ~ ~
r-t 'f-'>",.;;.:::- J--:-___ -+-____ --+-__ _ 
'-' 'I '1 - ~ ' - . . . : t , L. I" "'-",,--,_1 'ji ." a 1.....l.1-,-</ 
: 1-___ rh 
0.. I ' l _ - - ~ ' " r r
-
<1: 
-
0·2 
0.. I 1 
~ ~ I I o -0.41 ' I - + ~ ~ i i 
-0-6 1 I 
102 10 3 101+ 10 5 1 10 
-----
106 107 
Time I sees 
Fig. 6.15 Variation of pore water p r e s s ~ J r e e porame!er 'A' under cre0p ( ~ r . d d
reoeatc·d lOGd condi:lion:;. , 
6.5.2 A c c l , ' - , m ! . l ~ t i o n n of" Plastic S t r a i " ~ ~
Figs. 6.16 to 6.22 ShO'd the variation of plastic 
strain 1-lith the nU111ber of cycles for dif'ferf'nL stre::;s leyels 
A seJ'ies of creep tests ,,'d'-" 
carried out on samples with the same stress histories as 
the KA and KH repeated load tests (i. e. initiaJ_ effective 
0:3' = 40 kN/m 2 ). The variation of the pJ_astic strain 
with time for these tests is shown in Figs. 6.23 to 6.26. 
The accumulated strain under creep stresses 15, as would 
be exp e c ted, si mil ar tot h at un d er rep e C1. te d s t reS s e s . 
A simple empirical relationship between the strain 
accumulated under creep and that accumula ted undel' repeZlte d 
loading was examined. Figs. 6 .. 27 to 6.29 show" the pIa sti c 
strain after 5000 seconds at non-failure stresses for creep 
and repeated load tests. After this length of time the 
strain accumulated l.mder repeated load is approximately 
half' the value accumulated under a creep load. If the 
permanent strain after 5000 seconds is plotted against the 
bounded integral of the stress-time plot from 0 to 5000 
seconds, then both types of test fallon the same line w"ith 
some scatter, Fig. 6.)0. 
It is not possible, however, to extrapolate this 
relationship for times greatly in excess of that considered. 
Since, for most engineering purposes, it 1S necessary to 
be able to predict the plastic deformation accumulated 
over severa]_ decades of time, a more detailed analysis 1S 
clearly required. 
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6.5.3 Rate of A c c u m u l ~ t i o n n cf Plnstic Strain 
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For purposes of studying the variation of strain-
rate with time the samples are divided into two categories. 
These are: (1) sa.mples :Calling on the wet .side of the 
critical state, and (2) those falling on the dry side. 
Figs. 6. 31 to 6.37 sho"w the variation of the logari thm 
of the strain-rate '''lith the logarithm of t i m e ~ ~ for S a l ~ 1 J 1 l e s s
on the dry side, for both creep and repeated load tests. 
Lashine (1973) suggested that for repeated load tests, 
if the slope of the strain rate vs tjme plot (on log-log 
axes) was greater than a certain value, rupture lrould occur 
in a finite period o ~ ~ time. . Finn and Shead (1973) give 
a similar finding for creep tests. They plotted the locus 
of the turning points of the strain rate-time plots for 
samples subjected to stresses causing rupture in a finite 
time. They found this locus to be parallel to the lines 
for sub-failure stresses. If any test tended towards this 
locus, then rupture occurred after a finite period of time. 
It is not the author's intention to study samples which fell. 
in this zone, but rather to characterise the behaviour of 
the samples subjected to sub-failure stresses. 
There are a number of possible reasons for the scatter 
of results exhibited in Figs. 6.31 to 6.37. AS outlined 
in the description of the equipment, it lvas not always 
possible to maintain a constant stress for either repeated 
load or creep tests due to drift of the null position of 
the servo valve. In addition, as shol"lll by Hi tchell (1964), 
Campanella et al (1968) and Parr (J9,-2), temperature has a 
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considerable effect on creep behaviour. Although tests 
were carried out in a room where the temperature 'lva s 
controlled, variations up to ±3°C could occur. 
It has, in addition, heen sho'm by Ter-Stepanian 
(1973) that during creep of remoulded clay samples, plastic 
deformation can occur in a lIjump-like tr fashion due to the 
replacement of less durable random structures by oriented 
ones. Parr (1972), testing undisturbed fissured samples 
of London clay under very closely controlled conditiollS, 
found considerable instabili ties during the accumulation of' 
plastic strain. Bishop and Lovenbury (1969), testing 
drained samples of London clay, considered limited 
instabilities to be a significant characteristic of 
undisturbed clays under repeated loadin.g. 
The mean slopes of the variation of the logarithm of 
strain rate with the logarithm of time were found to be 
the same for both th.e creep and the repeated load tests. 
Lines of the same slope were fitted by eye to all the 
experimental points. The slope which seemed to give the 
best fit in the majority of cases was equal to -1. These 
lines are sh.olnl in Figs. 6.38 to 6.44. It Can be seen 
from these lines that at a given time the strain-rate is 
a function of the applied stress •. 
By plotting the variation of strain rate against the 
maximum deviator stress a series of parallel lines ..... 'S 
obtained at different times (Fig. 6.45). These are 
similar to those plotted by Singh and Mitchell (1968) and 
Holzer et al (1972), Fig. 2.'. A typical ~ e t t of these 
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lines is plotted in Fig. 6.46 for both creep and repeated 
loading. Only points in the area of engineering interest 
have been shown. This area is where sub-failure stresses 
can cause the accumulation of considerable plastic strain 
over a period of time. If the applied stresses are 
greater than those in this zone, then creep rupture occurs, 
if they are less, then the strain rates rapidly decrease 
to negligible proportions. Extension of the relationship 
at each end of the range considered would, therefore, 
result in an "5" shaped curve (Secti.on 2.4.3, Fig. 2.8). 
Feda et al (1.973) found that this curve could be approximated 
by a Gauss-Laplace error function. The analysis in later 
sections, however, will only consider those points lying 
on the straight line portion of this curve. Examination 
of Fig. 6.46 shows that the points plotted for repeated 
load tests lie below those plotted for creep tests. 
Tests carried out on lightly over-consolidated samples 
(w·et side) can be analysed in a similar manner; however, 
it is found that the slope of the log strain rate versus 
log time plot has a mean value of -0.87 (as opposed to -1 
for the dry side). These lines are plotted in Figs. 6.47 
to 6.50. 
6.5.4 Relationship between Creep and ReEeated Loading 
If it is postulated that sine waVe loading can be 
represented by an infinite number of creep stress i n c r e m ~ n t s , ,
then, by using an approximate numerical summation, it 
should be possible to relate the strain rate under creep 
to that under repeated loading. 
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Fig. 
.shovs ::tn a } J p r o " ) ~ : ~ n : 2 t s s sine lUlLction 
represented by ten stJ'aigl.:.t lin'2 sections. The mean 
proportion of the total stress mobilised lor cae11 section 
lS indicaterl jn the -<']' c·- -ll 1-· e 
'-, J ,--1- L 
F i g s ~ ~ 6.52 to 6.54 shO\1 t l i ~ ~ relationship bct'\\Teen 
clI,d 
the creep strain rate alter 103 sccstthe applied 
deviator stress for different OCR's. It is assumed that 
after, lor example, 103 seconds, the strain rate d 1 . l r j l J : ~ ~ a 
cycle of repeated loading 1-vill vary continuously l!-om zero 
to that value of creep strain rate appropriate to the 
maximum applied deviator stress. By averaging the creep 
strain rates for the ten stress increments shown in T;" J.t 19 0 
6.51, for diflerent maXlmum deviator stresses the lines 
sho1vn in Figs. 6.52 to 6.54 for repeated loading w-ere 
dra"\"ll. (see Table 6.1). The e::x.--perimental points plotted f'or 
repeated load tests show some measure of' agreement with the 
derived lines. It is evident from this that behaviour 
under repeated loading can be considered as an extension of 
the static creep phenomenon. 
6.5.5 Prediction of Accumulated Strain uJ.1.der Repeated 
Loading from Creep Data 
The relationship between strain rate and t·ime shown 
in Figs. 6.38 to 6.44 and 6.47 to 6.50, can be expressed 
in the following form: 
log € = a - A log T (6. 1) 
,rllere ~ ~ = strain rate, € per second 
T time - secoilds 
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A -- gradient of the log € versus log T plot and is 
constant ror both creep and repeated load te::;ts 
on s8mples having the same stress history. It 
is defined as the decay constant. 
The constant ItAII can. be obtained f'rom a creep test, 
but the poxameter ira" is not a constant since it depends 
on applied stress, the stress history, and the type of 
loading. To obtain a value for "N" it is u, neces!::.ary to 
out creep tests over a range of deviator stresses. By 
projecting the stJ':'ain l ~ a t e e versus time plots back to 11nit 
time a l\uH,tion for !ia tl may be obtained of the folJ_ovving 
f'orm (see Fig .. 6.45): 
where a = log (strain rate at unit time) 
. 
= log € 1 
(6.2) 
B = a constant dependent on the material and the 
stress history 
C = gradient of the line 
Having obtained the above relationship for creep tests 
it is then possible to derive the function for "a" under 
repeated load conditions using the technique outlined in 
Section 6.5.4. This was done for OCR's of 4, 10 and 20. 
The f'unctions obtained for "a" or log €l are given below. 
OCR == 4 
log . o . 045 (0 1 -0 ~ ~ ) 9.2 (6.3) Creep: a _. 
€1 == e 
Repeated load: log . o • 0 36 (0 1 -0 3 ) 9.5 (6.4) a = 
€1 == e 
0C:l1 
-- to 
-
Creep: 
P - e ~ J e L . t t e d d l_oad: 
OCT-z 
-- 20 
---,- --._-
Creep: 
Hepea-ted load: 
I " I • :'CjlliJ. Ci 011 
'lyhere a -- f(o) 
a 
a 
0:. 
0> 
6. 1 
log . (j • 03'15 (0 1 -a 3 ) -- ~ l l -e 
log . o . 02 9 (C5 1 -0 3 ) = £1 = e 
log . o .0 IJ 5 (IJ 1 -0 3 ) = 8 1 = -
log . 0.03 85(01-a 3) = 8 1 = 
can be rewritter .. as: 
Integrating equation (6.9) gives: 
81 
- 8.5 (6 ,-) \ .:J , 
--
9 r) 
• c.. (6.6) 
9 (6.7) 
- 9.5 (6.8) 
( 6. 10 ) 
(6,,11) 
Thi s equation aJ_lows the prediction of the strain 
accumulated after T ~ ~ secs providing 81" ' A and the function 
1 
for a are kn01vn. 
For the tests which 1vere carried out, reliable data 
for plastic strain could not be obtained until several 
seconds had elapsed. Hence, the simple empirical relation-
s h ~ p p outlined in Section 6.5.2 ,vas used to compute the 
plastic strain during the first 100 seconds. This 
relationship waS that the repeated load strain 1S 
appro)-::imately half the creep strain in the early stage oS of 
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82 
the test. Figs. 6.55 to 6.58 indicate the accuracy of 
this assumption. 
Using equation (6.1.1) and data from creep tests, 
predictions were made of plastic strain j.n repeated load 
tests after 106 cycles (Table 602). 
6.5.5(a) Comparison between predicted and actual values 
of plastic strain 
A comparison between predicted and actual vaJ_ues of 
total strain after 105 seconds or 1.06 cycles of repeated 
load is given in Fig. 6.59. It can be seen that there 
is some considerable deviation of the points from the line 
drawn for a correct prediction. Some measure of this 
deviation can be made by assuming that it is systematic. 
By carrying out a linear regression of the dependent 
variable (the predicted strain) onto the axis for the 
independent variable (the actual strain) a regression line 
was drawn of the form: 
The values of the coefficients were as follows: 
a 
o 
= 0.4 
a 1 = 1.11 
Coefficient of correlation = 0.73 
(6. 1.2) 
The deviations of the predicted values from the line of 
regression were computed. A second assumption was made 
that the deviation of these values was normally distributed 
about the regression line, and hence the mean, the standard 
Test No. 
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KA9 
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KA903* 
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KA1003 
KA 110 3 
KA1203'" 
KA13* 
KA 1't 
FA15 
KA16 
KA17 
KA18 
KA1801 
KA1802 
KA19 
, 
, KA20 I KA21 
I<_A22 
KA23 
KA2'± 
k'A0r::: 
KA30 
KA3)R 
KA31R 
I 
OCR 
u 
--
4: 
4: 
4 
4 
4 
4 
4 
4: 
4 
4 
4: 
4 
10 
10 
10 
10 
10 
:10 
20 
20 
20 
20 
20 
20 
20 
U 4 
20 
10 
1 I I y---(0 1 -03) % A 1 t d Predicted 8p-% Predicted 8 p% Predicted 11 / 2 8 ° C cumu a e . . % kN m P i Accumulatea Inl tlal Total Spoo 'otal 8 % J 
_ I I 
27 j 0.04 I 0.42 I 0.18 I 0.60 
27! O. 30 I O. 42 I o. 18 0.60 
27 I 1. 13 0.42 I o. 18 0.60 
57 1.48 1. 25 I o. 5 . 1.75 
60 I 0.43 1·39 - Oe5 ' 1.89 
57 I 0.21 1.25 I 0.5 1.75 
60 
52 
79 
75 
26 
26 
50 
50 
79 
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157 
52 
52 
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-1"7{\ 
80 
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82 
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-
0.73 
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-
0437 
0·37 
2. L.I: 1 
, 
\ 
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3.04 ! 
? ~ ~ _ n I 
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5.2 i 
0.802 I 
-
0.5 
0.45 
0.95 
0.85 
0.1 
Oft1 
0.25 
0.25 
-
0.4 
1.0 
-
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0·3 
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1.0 
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I 
I 
I 
! 
I 
I 
I 
I 
I 
! 
, 
I 
I 
-
1.89 
1.49 
3·71 
3·24 
0 .. 51 
0.51 
0.56 
0.56 
-
1.03 
2·35 
-
0.67 
OL67 
3 "A 
.)1. 
3.84 
-
3.8 
6.6 
t·302 
I 
I 
I 
, 
i 
I 
I 
). 19 
'.29 
1.16 
.53 
0.52 
J.21 
~ C ) )
. ./ .; 
0·52 
.47 
_.71 
}. 13 
0.05 
j.59 
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.24 
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.59 
.53 
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Q::) 
\..J 
Hean = Oeoo68 
Standard deviation = 1.15 
Variance = 1.33 
For values of strain up to 6%, the "prediction correct" 
line lies -h'i thin a standard deviation of the regression 
line. The regression line also suggests that the 
predicted values of plastic strain are systematically 
11 per cent plus a small constant larger than the actual 
values. 
Strain controlled tests have been examined in terms 
of the stress invariants p and q and the equivalent pressure 
P (Section 6 . ~ . 2 ) . .e It was also shown that a sample 
strength could be defined in terms of the equivalent 
pressure Pe by the use of the invariant qf/Pe. 
Analysis of creep and repeated load tests has sh01 .. rn 
that it is possible to express the strain rate at a given 
time in terms of a function involving the parameters q and 
Pe or qfe 
By normalising the deviator stress with respect to 
1 
P -2" two unlque lines were obtained for the variation of' the 
e 
strain rate at a given time (Fig. 6.60). These t-KO lines 
are for samples consolidated either to the wet or dry sides 
of the critical state (see Section 6.4.1). Separate 
consideration will be given b€lo,v to tests falling into 
these two categoriese 
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Fig. 6.60 Cornpa rison of strain rates of somples on 
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dry Old wet sides of critical state. 
In order to de-termine the stress history of site 
samples, it is necessary to estimate the preconsolidatioll 
pressure; methods for doing this have been developed by 
Casagrande (1936), Burmister (1942) and Scr.unertmann (1955) 
and are outlined in Appendix E. 
6.5.6(a) Model for repeated load tests on the "drytt side 
The variation of the strain rate after 104 seconds 
1S plotted against the normalised maximum deviator stress 
q for repeated load tests in Fig. 6.61. 
max 
Using the data 
tabulated in Table 6.3 a line of regression was fitted to 
these tests. 
The equation for this line was: 
_.1 
loge 8104 = 0.706.q .p 2 - 18.4 max e 
(coefficient of correlation = 0.93) 
(6. 13) 
A similar equat ion ,-vas obtained for creep tests (Table 
6.4, Fig. 6.62): 
_-1. 
= 0.774 .q.p 2 - 18.2 
e 
(coefficient of correlation = 0.92) 
(6.14) 
Using the summation technique outlined in Section 6.5.4 
a theoretical repeated loading line was derived from 
equation (6.14) and is shown in Fig. 6.63. It can be 
seen that for the general case, this line does not coincide 
with the regression line plotted througll the repeated load 
tests. 
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I I I 20 500 120 5.367 
I 20 500 150 J 6.708 I 
10 
10 
10 
20 
20 
20 
75 
75 
320 
320 
320 
920 
920 
80 
70 
50 
75 
100 
l.. I. ~ 7 7
.t • '± ( 
2.79 
120 5.67 
125 4.09 
8 -7 .Oxl0 
-7 1.0xl0 
-8 7.5xl0 
-7 3.5xl0 
8 -7 1. xl0 I I 
J 
Table 6.3 strain rates for repeated 
load tests "dry" side 
86 
Equation (6.9) Can be rewritten for the general case, 
as: 
where a' = f(q, p ) 
e 
• a'-A e = e .T 
and A = 1 (for the dry side) 
Integrating with respect to T: 
(6.15) 
(6.16) 
r------- - - ~ - - - - ~ . .I o c r r ~ _ G _ J _ ~ / . , r p p < : ~ ~ ~ @ ~ o ' : _ s e ~ ~ 1 1
I 75 I 920 150 4.94 I Ii. 2x10 -7 I 
75 920 75 . I -8 I 2cl±5 I 7.0xl0 
. 20 500 2.05 I 
20 500 68 3.04 2.0xl0 -7 
20 500 90 4.02 1 ~ . .Oxl0- 7 
20 500 95 4.25 I,±. Oxl0-7 
10 320 30 1.68' 3·0xl0 -8 
10 320 50 2.79 9.5xlO -8 
10 320 68 3.81 2.3xl0-?" I 
__ . ~ _ . _ _.. ~ _ l l____ . ___ . ________ .--1 
Table 6.4 strain rates for creep 
tests "dry" side 
, 
For the special case of A = 1: 
, 
+ ea . (log Ta - log T1 ) e e 
exp(a') = 81 = strain rate after 1 second 
(6.17) 
Equations (6. 13) and (6. 14) can be rewri tt en for the 
T = 1 sec situation to give the following expressions for 
a r : 
1 
Repeated load: a' = 0.70 6 .q.p -"2 e 9.2 ( 6. 18 ) 
Creep: a' = Oc774.q.p -J e 9.0 (6.19) 
Using equations (6.17) and (6.18) computations were 
made of the predicted accumulated strain from 10 2 to 10 6 
88 
seconds (10 3 to 105 cycles) (Table 6.5)" Some data 
from Lashine et al (1971) is included. Using the 
statistical techniq'_18s c x r ~ l a i n e d d in Section 6.5.5(a) ~ ~ a 
comparison \\as made b e : ' ~ 1 v - e e n n the vceclicLeu and ac-i;.ual 
valuc;s of s t } ~ a i n . . Assuming a systematic error usjng 
this method of predic-tion, the line :for a correct }'rediction 
lies '\v-itl1_in a standard deviation of the error f'or values 
of strain up to 8% (Fig. 6.64). 
The coefficients for the regression line were: 
a = 0.295 
o 
a 1 -- l .. l 
Coefficient of correlation ~ ~ 0.87 
The mean error from the regression line - 0.001% 
Standard deviation = 1.l04 
Variance = 1.21 
An attempt has been made to predict the total plastic 
strains for repeated load data, where creep tests have been 
carried out under the same conditions. This was done by 
using the value of strain for the first 100 seconds given 
by Figs. 6.55 to 6.58 and the accumulated strain from the 
general model (Table 6.6). 
given in Fig. 6.65. 
A measure of the prediction is 
The coefficients for the regression line were: 
= -0.036 
= 1. 16 
Coefficient of correlation = 0.935 
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Lashine et 
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n 20 l113 
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KA14 
KA15 
KAi6 
KA:1.7 
KA18 
KA1802 
KA20 
KA19 
KA21 
KA22 
KA23 
KA24 
KA25 
KA31R 
KA31 
KA33R 
10 0.05 I O. 1 o. 17 I 0.27 
10 0.59 I 0.25 0.49 0.74 
10 0 .. 85 
10 3· '± 7 
10 
10 I Failed 
20 0.59 
20 0.53 
20 2.20 
20 1.78 
20 Failed, 
20 7.77 
20 6.59 
10 3.04 
10 2.1 
20 
0.25 
1.0 
0.4 
0·3 
0·3 
0.9 
0.8 
2.0 
2 .. 1 
2.1 
0.5 
1.0 
1.4 
1.56 
0·35 
0.35 
1.63 
1.97 
1 '±. 9 
7·9 
7.9 
1.76 
1.0 
3.06 
~ i i • 96 
Failed 
0.65 
0.65 
2.53 
2.77 
Failed 
10.0 
10.0 
2.26 
2.0 I 
4.46 J 
Table 6.6 Predicted and Actual Total Strains 
for the " J ? ~ ~ Side 
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Tbc mean error from the regression line = 0.005 
Standard deviation = 1.09 
Variance = 1.20 
Considering first the prediction of accumulated s t r a ~ i n ~ ~
Fj.g. 6.64, it Can be seen that the systematic deviation 
from a true prediction is of' the order of 10% plus a small 
constant value. \vhen a further step lS added and the 
total strain 1S predicted, this systematic deviation 
. to 16';° 10 • lncrea. ;.;8 s Providing the assumption 0[' normal 
distrjbution is a correct one, then 64% of the predicted 
values of total strain for the dry side 'viII be ,vi thin 16% 
of the actual value ± -1.09% and for the accumulated strain 
64·% of the predicted values will lie 'vi thin 10% of the 
actual value ± lQl%. 
It was not found possible to quantify the degree to 
which the variabili ty 'vas due to experimenta.l error or to 
inherent variability of the material behaviour. 
Model for repeated load tests on the Ilwet ll side 
A similar model to that already e:A.'"Plained for the 
Itdry" side "raS developed for samples on the wet side of 
the critical state. The variation of the strain rate ,vi th 
1 
the stress parameter q.p -2" is shown in Fig. 6.66 for both 
e 
creep and repeated load tests (see Tables 6.7 and 6.8). 
The 1unctions governing a' (see equation (6.15» are given 
below: 
1 
Repeated load: a' = 0.254 q.p -2" 8.78 (6.20) e 
1 
Creep: a' 0.485 q.p -"2- - 8.78 (6.21) -
e 
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Fig. 6.66 \ttriation of strain rate ~ ! i t h h normalised dc=viabr 
stress at 104 sees for wet side 
(crEEp and repeated load tests). 
---. - - - I - ~ ~
DCR P e q q!'/p e 
. @ 10.-1 
€ 
sees 
l1 1125 ~ T / * . 8 5 5 1.6x lo.-'l 
II 4251150. i 7.27 3.6x lo.-'7 
4 425 I 8. '18 -6 175 I I 1.lxl0 
2 4:0.5 150. 7 . l15 ,.., -7 ~ . o . x l 0 0
2 lto5 190. 9 ~ 4 : 4 : : 6. 6xlo. -''/ 
II ll1o. 50 l.\:.. 23 1.o.xlo.-r; 
4: lL.l:o. 75 6.34: 2.7xlo. -7 
4: l lto. 80. 6.76 6.2 x lo.-7 
2 555 152 6.4:5 2. 5x10-7 * 
2 555 193 8. 19 4.0x 10-7 * 
4: 628 155 6. 18 2 .. o.xl0-'7 * 
4 628 
200 I 7.98 -7 2.9x1o. * 
4: 628 272 lDe85 4 --7 .• lx1D * 
* Lashine et al ( 1971) 
Table 6.7 strain rates for repeated 
load tests "lvet lt side 
-
OCR q//P e 
. @ 10. 4 Pc q € sees 
----
-, 
4: 14:0. 30 2.5 /± 8 -7 1. x10 
4 140. 50. 4.23 3.7x1D-';' 
4 140 65 5.49 7.9x10 -7 
Table 6.8 strain rates for creep 
tC.5ts ",vet" side 
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Fig. 6.67 compares the derived theorcticnl repented 
lOud lin.e with the actual creep and repeated load lineoS. 
It Can be seen that in this case as opposed to the case 
f'or th (:' Ii ciry1! si <ie ~ ~ t.h e · l ~ h e o o r et iCEd. line 1 j e s above ·the 
a c t u ~ l l line. 
The value of A used for the wet side ",vas 0.87. By 
substituting a' for ex in equation (6.11) the a c c 1 . l m u l a t e c ~ ~
plastic strain between 103 and 105 cycles was predicted 
for repeated loading (Table 6 .. 9, Fig. 6.68). As for the 
dry side, data from Lashine et al (1971) is included and 
shows good agreement with the author's tests. The 
regression line through the points sh01 .... "'11. in Fig" 6.68 I 
for the range considered, lies very close to the line for 
a correct prediction. The author does not consider that 
there is any significant systematic deviation from the 
model proposed. 
6.5.7 Plastic Strain Related to Sample S t r e n g t ~ ~
It has already been Sh01V1l in Section 6.4.2 that the 
equivalent pressure p 1S directly related to the sample 
e 
strength qf obtained from a strain controlled test. The 
functions for a' used in the prediction models for both 
"dry" and "'vetU sides can, therefore, be considered as 
functions of q and qf. 
1£ the normalised stress paths and strain contours 
for strain controlled tests plotted in Fig. 6.6 are 
examined, it can be seen that for a given mobilised 
proportion of qf the strain is less on the "wet" than on 
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10 i-l---r---,---Ti 
II , r - I J p l ~ R R t \ ~ ~ A. rjL I I 
l - - - - ~ - ~ ~
I 
I-
(!) 
Q. --5 
0- 10 
w 
C\) 
-+-' 
a 
'-
c 106 .-a 
I-
...-. 
tf) 
Kt:.l - t: VI f\t-, ! 
'.NET SIDE OF I 
1 
1-------1--- - - ~ - - - -- .. -- - _. 
I I 
i 
I 
I 
I 
1 6 8 ~ _ ~ - - ~ _ - ~ - - ~ - - ~ - - - ~ - - ~ - - - - - - J J
2 4 6 8 10 12 14 
~ J P ; ;
Fig. 6.67 Conlparison of creep, repeated loa d an d theoretical 
repeated load linE::; for the variation of strain rote with 
normalized deviotor stress. 
.- 7 
o 
-0-
.--
E 6 
e 
'+-
- ~ " " ---"--- ------+-----1 
- - - ' - - - - - ~ ~_ ___1 ___ __' __ , _ _.J __ _'____J 
o 1 2 3 4 5 6 7 8 
€p % Actual accumulated strain from 103 to 106 cycles 
Fiq.6.68 Comparison of predicted and actual accumulated strain 
for repeated load tests (V/et side) 
I ! 
I Test No. IOCR 
KA703 4 I KA704 4 
KA803 4 I I 
KA9 4 i 
i KA901 4 
KA903 4 
KA10 4 
KA1001 4 
KA1003 4 
KA1103 4 
KA1203 4 
KA13 4 
KA14 4 
KA30 4 
KB1 2 
KB2 2 
KB3 2 
KB4 2 
KB5 2 
KB6 2 
KB7 2 
KB9 4 
KB10 4 
KB11 4 
KB12 4 
Lashine et 
al ( 1971) 2 
II 2 
II 2 
f! 4 
n 4: 
II 4 
Table (;.<) 
Pe ! I 
2 q e % 106 1 I E: p % 106 cycles I Comments kN/m kN/m2 cyc es . d' t d P pre lC e I 
-
140 27 0.04 0.55 I i 
140 27 0.30 0.55 
140 27 1.13 
I 
0.55 
14:0 57 1.48 1.04 I High friction in 140 ! 60 0.43 1 .. 11 I 140 57 0.21 1. Oil: I High friction. in I 
140 - - - Rig failure 
140 60 1.25 1.11 I 
140 52 0.34 0.937 . 
140 79 1.23 1.67 
140 75 1.l13 1.53 High friction in 
140 26 o. 13 0.53 High friction in 
140 26 0.05 0.53 
140 80 2.5 0.85 Values for 105 cy 
405 I 104 0.36 0·57 ! Value s for lOS cy 
405 195 - 3.58 Failed 
405 152 0.81 I 2.08 
405 160 0.87 2·3 I I 
405 195 - 3.58 I Failed 
405 198 3.45 3·72 
405 103 0.98 1.12 
425 
I 
153 1.97 2.01 
425 103 1.11 1.09 
425 I 101 1.28 1.06 
425 190 - 3. 18 Failed 
I I 
628 152 1.2 I 1. '+ 3 
628 193 2.2 2. 16 
628 275 3·7 (.96 I 
555 152 1·7 1.57 I 
555 193 2.6 2.45 
555 241 4.1 I 4.11 ____________ .. _. __ 4_ 
Predicted C1'ltJ ActnnJ. Accunntlatcd S t r ~ L ; n s s CO!" Cle· l I ~ · ; C ' t " " ~ l l j (i (\ 
- . 
I 
I 
l 
I 
soals I i 
seals 
s ( ~ a l l s 
s('als 
c ].es 
cJ.es 
'-D 
..1".-
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the "dry" side. It. would, therefor'e, be eJl.."})ec ted that 
under repeated load conditions the accumulated strain 
and, therefore 'I the strain rate at any given time, would 
also be less for the wet s i d e ~ ~ Fig. 6.60 shows that for 
the tests carried out that this was in :fact the case. 
The sample strength is not, hOV-lever, an independent 
variable since it depends on the voids ratio of the clay. 
P
e 
can be considered as a measure of the voids ratio and 
is, therefore, a more fundam'ental parameter than tJ.1.e sample 
strength. 
6.508 The Effect of Rest Periods 011 the Accumulation of 
Plastic Strain 
Many engineering situations involving repeated l o a d i n ~ ~
of soil have rest periods interspersed between trains of 
load pulseso A series of tests was, therefore, carried 
out on the Keuper marl to determine the effects of the 
length of the rest periods and the number of load pulses 
between re'st periods. 
It is necessary to re-examine the concept of resilient 
modulus since rest period loading indicated a considerable 
delayed elastic response existed for the s a t u r a t ~ d d marl. 
The variation of plastic strain with number of cycles 
for lightly over-consolidated marl takes the same form 
under rest period loading as it does under continuous 
loading (see Figs. 6.69 to 6.71). The length of rest 
period or the number of cycles between rest periods do not 
cause any consistent trend as far as the accumulation of 
plastic strain is concerned. 
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For the purposes of cOlllpa:ciso:t1 of rest period loading-
with continuous loading the strain rate was plotted against 
the loading time on a log-log basis (Figs. 6.72 to 6074). 
Comparison of the strain rates for .samples on the "KetH 
side suggests that there is a slight tendency for rest 
period loading to cause an increase in the strain rate 
(and hence the strain) as most of the points lie above 
the line for continuous loading; the difference is not, 
however, considered to be significant. 
In addi.tion to carrying out tests on a lightly over-
consolidated marIon the wet side a limited number of tests 
w"ere carried out on samples consolidated to the dry side. 
Strains accumulated on these samples are tabulated in 
Table 6.10. The loading for these tests consisted of 
eight maximum deviator stress pulses of 75 kN/m2 follo1ved 
by differing lengths of rest period. Strain rates for 
rest period loading generally lie between the lines drawn 
for continuous loading at maximum deviator stresses of 
70 kN/m2 and 80 kN/m2 (Figs. 6.75 to 6.77). There l ~ a s s
no significant change in the strain rates for rest periods 
of different lengths. Similar findings are reported by 
Newland (1.971) who, when investigating a normally 
consolidated clay, showed that the imposition of a rest 
period in a "creep" test gave no real effect in terms of 
the plastic strain developed with time • 
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Test 
No. 
RPK 28 
RPK 29 
RPK 30 
RPK 31 
RPK 32 
RPK 33 
1
_- -·l Repeat Period 
OCR . 
I I Cycles Period 
10 
10 
10 
10 
10 
10 
10 
8 
8 
8 
8 
8 
8 
8 
8 
~ ~
1 sec 
1 sec 
1 sec 
5 sec 
5 sec 
5 sec 
10 sec 
10 sec 
qmax 
kN/m2 
75 
75 
75 
75 
75 
75 
75 
€p% accumulated 
from 1 to 
10 4 cycles 
0.5 
o. L18 
0.4 
0.7 
0.7 
0.68 
0.78 
load drift 
~ I I - ~ p % % a : ~ m u b t : d l l
from 1 to I I 10 5 cycles I 
I I 
_i 
i I 1.23 
I I 1.0 
I 
, 
0.85 
3·1 
1.07 
1 .. 75 
1.47 
I 
Cp % total 
@ 10 5 ~ y c l e s s
1.d 
1.3 
1. 1 
3.76 
1.'±9 
2 r_ c :,) / 
1.79 
I 
I 
I 
I 
Table 6. 10 Accumulated plastic strain under rest period l02ding for samples on the rt ( h = - ~ ~ ~ ~ ~ ~
.....0 
-,I 
6.6 RECOVERABLE DEFORl"IATION UNDER REPEATED LOADING 
When using layered elastic or finite element computer 
analyses of flexible pavement structures, it is essential 
to be able to characterise the resilient properties of the 
subgrade. The current state of knowledge only allow·s an 
estimate of the resilient modulus of the unbound materials 
to be made from a CBR test which is a static test to 
failur·e. 
It will be shown that for a saturated Keuper marl 
the resilient deformation is essentially independent of 
the voids ratio or stress history but is a function. of the 
applied stresses. 
Tests using rest period loading have sho"h'TI. a large 
delayed elastic component which should he alJ_owed for when 
resilient moduli are being estimated for pavement design 
purposes. 
6.6.1 Resilient Modulus 
The resilient modulus is a term that has been commonly 
adopted to define the stiffness of materials under repeated 
loading. It is defined as the ratio of the amplitude of 
the deviator stress to the amplitude of the vertical strain 
.on the sample. 
The resilient modulus varies with both stress and time. 
Values of resilient modulus have been plotted against the 
number of cycles for some typical tests in Figs. 6.78 to 6.80. 
The variation of the modulus with time depends on the OCR. 
For an OCR of 2 there is a considerable decrease in 
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resilient modulus with time. As the OCR i n c r e a s ~ s , , the 
decrease becomes less marked until for a highly over-
consolidated clay (Fig. 6.80) there is no marked change 
at all. It is suggested the decrease lTI the modulus is 
due to a decrease in the effective confining stress. This 
would be far greater for the lightly over-consolidated 
samples where high pore water pressures are developed 
compared "orith the highly over-consolidated samples where 
virtually no change in pore pressure occurs under repeated 
load conditions (sec Fig. 6.10). In contrast to the 
stiffening effect of the confining stress, it can be seen 
that an increase in the deviator stress has a softening 
effect. Lashine et al (1971) carried out a series of 
tests which seemed to indicate that the resilient modulus 
decreased as the OCR increased (Figo 6.81). How"ever, when 
the KA series of tests (carried out at a ·constant initial 
effective confining stress of 40 kN/m2 ) are plotted on 
the same axes, it can be seen that alI' three OCR's lie on 
the same curve. Fig. 6.82 shows the variation of the 
resilient modulus with the deviator stress for a constant 
.initial confining stress. By replotting the results of 
Lashine et al (1971) it can be shown that for a given 
deviator stress the resilient modulus varies directly with 
the confining stress (Fig. 6.8]). By normalising the 
deviator stress with respect to the initial effective 
coilfining stress, it can be seen that both these results 
and those from the present tests lie approximately on the 
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same curve (Fig. 6.84). It is noted, however, that 
Lashine's experimental points lie above the present ones and 
this is considered to be due to modifications carried out 
on the triaxial cell to reduce friction in the loading rani 
and hence obtaining a truer measure of sample stiffness. 
It-is, therefore, maintained that the resilient modulus 
is thus shown to be independent of the OCR and is a function 
of the applied stresses. This is supported by Parry and 
Amerasinghe (1973) who showed that the recoverable portion 
of the shear strain for isotropically consolidated speclmens 
is independent of the stress history. Similarly, Humphries 
and Wahls (1968) found the OCR to be insignificant in the 
determination of the dynamic shear modulus of kaolinite. 
It was found that the effective pressure was the dominant 
factor. 
Defining 03i' as the initial effective confining stress 
and excluding Lashine's experimental data, then the resilient 
modulus can be expressed as follows: 
-0.69 
(0 1 -0 S ) R 
°3i 
, 
(6.22) 
Fig. 6.85 
A coefficient of correlation of 0.844 was obtained for this 
relationship. 
The tests at an OCR of 75 were carried out to determine 
any effects that there might be due to changes in moisture 
content by increasing the range of moisture contents studied. 
These tests, however, lie on the same line as the others. 
It can, therefore, be concluded that the moisture content is 
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not a significant parameter- in the determination of' the 
repeated elastic modulus. 
Much of soils testing relative to the pavement. design 
problem has been carried out using repeated load tests on 
partially saturated clays. For these materials it has been 
found that the resilient modulus is a function of the deviator 
stress and the soil suction. The suctions of partially 
saturated clays tend to have very high values and can be 
considered as a measure of the initial effective confining 
stress. Results from Dehlen (1969) plotted on t.he same 
axes as Fig. 6.85 give a line of similar slope (Brown, 1 9 7 q ~ ~
Richards (1970) has also shown the soil suction to be 
an important determinant of the resilient modulus. 
6.6.2 The Effect of R ~ s t t Periods on the Recoverable 
Deformation 
Two kinds of recoverable deformation are discernable 
during rest period loading. One component is purely 
elastic and the other is delayed e l a s t i ~ . .
The delayed elastic component exists for both lightly 
over-consolidated and more heaviJ_y over-consolidated clays. 
Some idea of the relative magnitude of the delayed component 
of deformation can be obtained from Fig. 6.86, which shows 
typical traces from the load cell, LVDT and pore water 
pressure transducer. 
Figs. 6.87 and 6.88 show the variation of the total 
modulus (determined from the total recoverable strain) and 
the purely elastic modulus for OCR's of 2 and 10. The two 
different moduli were computed from data recorded using an 
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ultra-violet recorderc For the lightly over-consolidated 
samples the total modulus is bet,.reen 80% and 85% of the 
purely elastic modulus for most of the test. In the case 
of the more heavily over-consolidated sample, the total 
modulus is between 75% and 80% of the elastic modulus. 
Fig. 6.89 shows the variation of the total modulus 
with number of cycles, for varying lengths of rest period 
and 8 load cycles between each rest. These results do 
not show any significant difference for different lengths 
of rest period. Examination of u.v. traces showed that 
Over 95% of the delayed elastic recovery occurred in less 
than one secondo The shortest rest period used was one 
second, which ·would explain why no measurable difference 
was noted between the different lengths of rest period usede 
Krizek et al (1971), carrying out strain controlled 
relaxation tests on clay samples, showed 99% of the 
relaxation occurred in 1 second. Fig. 6 . ~ 0 0 shows a similar 
behaviour for lightly over-consolidated samples. Again, 
the results do not seem to show any discernible difference 
for different lengths of rest period. 
A comparison of the effect of the application of 
different numbers of cycles between rest periods showed a 
marked softening in terms of the total modulus as the number 
of cycles decreased (Fig. 6.91). It is, therefore, 
suggested that the delayed elastic component of deformation 
is dependent on the number of continuous cycles, decreasing 
as the number of continuous cycles increases. 
The total modulus can be as small as 50% of the purely 
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elastic modulus. Pneumatic repeated ,load testing equiplilent 
as used by Seed and others (Seed and Fead, 1959) does not 
apply a continuous cyclic load and would, therefore, give 
values of total modulus and not purely elastic modulus. 
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CHAPTER SEVEN 
TESTS ON BREED ON GRAVEL 
7.1 INTRODUCTION 
The tests on the granular material consisted of t,vo 
phases. The first being a preliminary investigation of 
the effect of the sequence of loading on the resilient 
and permanent deformations. The second phase was an 
investigation into the effects of cyclic cell pressure. 
""" In order to compare the resilient deformations under 
cyclic cell pressures lvi th those measured under con£tant 
cell pressures, it was necessary to deveJ_op a method of 
measuring lateral strains. This was done using strain 
coils and their method of use is described in Appendix B. 
7.2 THE MATERIAL 
A crushed stone aggregate passing a ~ n n sieve, supplied 
by the Breedon and Cloud Hill Gravel Company was used for 
all the tests. The grading curve for the material (Fig. 7.1) 
shows that it lies within the grading limits of material 
used extensively by British Rail in their track foundations 
(Meldon Dust). 
The moisture content/dry density relationship was 
determined using both modified and standard AASHO compaction, 
(Fig. 7.2). With the 'latter the optimum moisture content 
was found to be 6% and the maximum dry density 2280 kg/m3 • 
Using the standard AASHO compaction, the optimum moisture 
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content was found to be 6.5% at a dry density of 
2227 kgJm3 • 
It was decided to use the standard AASHO compaction 
at a moisture content of 7-7.5% as this gave samples \vhich 
were stiff enough to handle. This coincides with the 
shaded zone on Fig. 7.2 in the region just wet ~ f f optimum. 
The specific gravity of the particles was measured 
and found to be 2.72. Control moisture contents t ~ k e n n
during compaction and after testing showed the moisture 
content to be in ~ h e e region of 7.5% ± 0.5%. The dry 
densities of the samples after compaction were found to 
7.3 DEFINITION OF RESILIENT HODULUS 
The greater part of repeated load soil testing carried 
out to date has been done under triaxial test conditions, 
but with only the vertical stress being cycled. A 
definition of resilient modulus MR has evolved from this 
as: 
where (01-0sk 
and 
€R 
= the repeated component of the deviator 
stress 
= the resilient vertical strain. 
As is illustrated in Fig. 7.3, under constant cell 
pressure conditions, the amplitude of the vertical stress 
component (01) is the same as the amplitude of the 
The resilient modulus is, 
therefore, analogous to Young's modulus. 
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In the Case of cyclic cell pressure, however, the 
amplitude of the vertical stress is not the same as the 
amplitude of the devia"tor stress and Care must be taken in 
properly defining the modulus, Fig. 7.4. 
Assuming that the material behaves isotropically, 
and considering only the cyclic components of stress and 
strain, then ~ ~ can be calculated from the f0llowing 
equations in which it has been regarded as analogous to 
Young's modulus. 
For the vertical direction: 
and for the horizontal direction: 
Equating (7.2) and (7.3) gives the resilient Poisson's 
ratio as: 
and the resilient modulus as: 
(a - as)(u 1 + 2cr s ) 
= €lta1 ~ + + as) - 2€aas 
7.4 PRELIMINARY TEST RESULTS 
A preliminary test series was carried out to determine 
the effect of increasing stress sequences on both the 
resilient and permanent deformations, under cyclic cell 
pressure conditions. This test series was carried out 
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before the lateral strain measurement equipment had been 
fully developed. 
The test- series showed that the resilient properties 
can be accurately measured using sequences of sub-.failure 
stresses. Permanent deformation, however, is dependent 
on the load sequence. Lashine et al (1971) showed that 
the resilient behaviour reached an equilibrium after 
approximately 104 cycles of loading. Hence all resilient 
properties considered are after the equilibrium condition 
has been reached. 
Because there were no lateral strain measurements for 
this test series, it was necessary to assume a value of 
resilient Poisson's ratio of 0.35. Using this, values of 
resilient modulus were compared for incremental and singJ_e 
stage loading. Fig. 7.5 shows that points for single 
stage loading lie on the incremental loading curve. 
means that for the purposes of determining resilient 
characteristics it is only necessary to test a small number 
of samples with sequences of varying load. 
Considering nOlV'" the accumulation of permanent strain, 
tests were carried out at two cyclic cell pressures for 
different deviator stress. Figs. 7.6 and 7.7 show the 
accumulation of plastic strain with the number of cycles 
of applied stress. It Can be seen that an equilibrium 
value of permanent strain is reached after approximately 1 0 ~ ~
cycles. 
A comparison of the permanent strains under sequential 
loading with those accumulated under single stage loading 
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is given in Figs. 7.8 and 7.9. Application of the 
maximum deviator stress without a conditioning sequence 
causes a great increase in the permanent strain. It 1S 
thought that under a relatively small deviator stress a 
reorientation of the particles occurs, to form a more 
stable structure which is better able to resist the higher 
deviator stresses. Under a larger deviator stress this 
reorientation still occurs but because of the initially 
lli1stable structure large permanent strains occur, before an 
equilibrium is reached. 
For the purposes of the comparison of permanent strain 
data then, the loading sequences applied to a sample are 
important. It was decided, therefore, only to use data 
from single stage loading for permanent strain characterisation. 
7.5 THE EFFECTS OF CYCLIC CELL PRESSURE 
For the purposes of pavement design, it is necessary 
to characterise both the permanent and resilient strains. 
Tests were carried out for both to detennine whether a level 
of constant confining stress existed which was equivalent 
to a given cyclic stress and could hence be used in a 
materials testing procedure involving equipment without the 
facility for cycling the cell p r ~ s s u r e . .
An equivalent constant confining stress was found to 
exist for permanent strain. However, when the resilient 
properties are considered in terms of the resilient modulus 
and the resilient Poisson's ratio an apparent difference in 
behaviour between the constant and cyclic cases was found. 
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A more fundamental analysis, hO'w'ever, revealed a continuj.ty 
or behaviour for the t1vO case s. 
7.5 e 1 Permc).neni: Strain 
For the purposes of characterising the effects of 
d i f ~ e r e n t t types of confining stress one level of cyclic 
deviator stress was applied. In each case this stress 
was cycled from zero to a maximum value so that the mean 
was al·w8.Yf3 half the maximum. 
For a constant confining stress a linear relationship 
exists between the permanent strain and the deviator stress 
normalised with respect to the confining stress (Lashine et aI, 
1971). It was sh01ffl that this relationship still holds J.n 
the Case of cyclic cell pressure if the normalising parameter 
is taken as the mean value of the c o n ~ i n i n g g stress (Fig. 
7 • 10) • 
Resilient Modulus and Poisson's Ratio 
For the purpose of linear elastic analysis of pavement 
structures, it is necessary to have values for both the 
resilient modulus MR and the resilient Poisson's ratio, \JR. 
It has already been ShO'WIl by Hicks (1970) and other s 
that the resilient modulus is dependent on both the 
confining wld deviator stresses. By examining the behaviour 
under a constant deviator stress it is possible to examine 
the effect of the mean level and repeated component of the 
cyclic cell pressure. The'resilient modulus for cyclic 
confining stress tests was computed as shown in Section 7.3· 
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The variation of resilient modulus with c o n f i n i n ~ ~ stress 
<..;. 
for all types of test is shown. in Fig. 7.11. This f'igure 
sho,..,s that it is the mean. value of'the confining stress 
which is the determinant of the resilient modulus for a 
giveri deviator stress. The amplitude of the repeated 
component of the cell pressure did not have any 
quantifiable effect on the modulus. 
Pavement analyses are sensitive to the value of 
Poisson's ratio (Hicks, 1970) and it is, therefore, 
important to evaluate it under cyclic cel.l pressure 
conditions. 
Under a static confining stress (Fig. 7.12) the 
resilient Poisson's ratio varies from less than 0.1 to 
values in excess of 0.5 where dilation 01 the samples was 
occurring. 1'he resilient Poisson's ratio was shown to be 
a linear function of' the principal stress ratio when plotted 
on a logarithmic basis. A similar relationship was found 
by Allen and Thompson (1973). 
The resilient Poisson's ratio from tests with cyclic 
confining stress was also plotted as a function of the 
principal stress ratio over the same range of stress ratios 
as for tests with a constant confining stress. However, 
Fig. 7.13 shows that it is found to be virtually constant, 
most points lying in the region between 0.2 and 0.1. 
7.5.3 Repeated Loading Stress Paths 
In order to better understand the behaviour of the 
material it has been examined in terms of the repeated 
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s t r ~ s s s paths using the invariants p an.d q where: 
the deviator stress: 
and the mean. normal stress: 
p = _ ( ~ ( J . . . . I , , - _ + _ ~ ( J 3 ~ a _ + _ a ; ; ; . . . . . . w . $ _ ) )
These two parameters are normally defined in terms of 
effective stresses but as the tests were drained and the 
strains of major interest were those after some 105 cycles, 
total stresses can be equated to effective stresses. "qH 
is directly proportional to the octahedral shear stress 
which is defined as: 
Scott (1965) 
which for the triaxial test reduces to: 
In addition, p is t he same as the octahedral normal 
stress: 
(7. 10) 
For the special case of the deviator stress cycling 
from zero, any repeated stress path can be defined using 
three parameters, Fig. 7.14. These are: 
p - the repeated mean normal stress, 
R 
qR - the repeated deviator stress, 
Pm _ the mean value of the mean normal stress. 
f: 
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Fig. 7.14 Defin it ion of th e repeated stress path. 
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If the stress path did not cycle from q = 0, then a 
fourth parameter "T()uld be needed, say q , the mean deviator 
III 
stress (Boyce et aI, 1974). 
The stress paths for the constant confining stress 
tests are a series of parallel lines of slope equal to 3 
If the confining stress is cycled in phase with the 
deviator stress, then the stress paths take the form of 
those illustrated in Fig. 7.16. The slopes of these vary 
according to the ratio of qR to PRe 
\ 
7.5.4. Volumetric and Shear Strains 
In order to characterise the stress-strain behaviour 
of the t'i"O types of test it is necessary to consider two 
,further parameters; these a r e ~ ~ the resilient volumetric 
and shear strains which are defined as follows: 
Resilient volumetric strain: 
Resilient shear strain: €R = ~ ~ (€ - e ~ ) )3 1 ", 
(7.11) 
The volumetric strain is three times the octahedral 
normal strain which is defined as: 
The resilient shear strain, €R' as defined is derived from 
the defini t'ion of octahedral shear strain, CPoct' where: 
cP ~ ~ c t ::; ~ ~ [ ( € 1 - € ~ ) ) 2 + (€a - € 3 ) 2 + (€:3 - € 1 ) 2 ] 
Scott (1965) 
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,,,-hi c:. h, for the special case ;Jf the red llC 0 , ~ , ,
to: 
eroct 
Compressive strains are defined as positive. The 
bulk ll10dulus is defined as: 
K :::: 
and the shear modulus 1S d0fined 
G ::: 'Toct 
Ci)oct 
From these definitiollS f o l l o ~ ~ the definitions of 
resilient bulk modulus: 
and resi]_ient shear modulus: 
By establishing equations (7.18) and (7.19) ln terms 
of the volumetric octahedral strain and stress and the 
octahedral shearing strain and stress, the volumetric and 
shearing components are separated from each other. 
The behaviour of the bulk modulus and shear modulus is 
best examined ln terms of simple stress-strain relationships. 
Previous 1vork by Lashine et al (1971) has shown that both 
the cyclic and mean components of stress affect stress-
strain relationships for this material. A unique stress-
strain relationship "was found to exist if vR lvas plotted 
against PR normalised with respect to Pm (Fig. 7.17). 
It can be seen from this curve that, except where dilation 
is occurring with the resultant. negative volumetric strains, 
the relationship is continuous and points for both constant 
and cyclic confining stresses lie on the same curve. 
There does not seem to be any systematic effect due to the 
value of qR. 
The tests carried out under constant confining stress 
all lie on the lower portion of the curve. This fact, it 
will be shown, is significant when considering Poisson's 
ratio. The slope of thi.s line 1S a measure of the volumetric 
compliance which is the same as the reciprocal of the bulk 
-
modulus. As PR"increases, the bulk modulus decreases and 
as p increases, the bulk modulus increases. m " This trend 
can be seen on Fig. 7.16. This result is similar to that 
found by Lashine et al (1971) for the resilient modulus, 
where a stiffening occurred as the mean level of the deviator 
stress was increased and a softening occurred as the 
ampli.tude was increased. 
A similar relationship can be plotted of resilient 
shear strain against normalised deviator stress (Fig. 7.18), 
(Tables 7.1 and 7.2). In a similar fashion to the 
relationship for resilient volumetric strain, the r e s i l ~ e n t t
shear strain increases as the ratio qR/Pm increases. It 
is not, however, affected by the level of the repeated mean 
normal stress (PR). Once again, tests carried out with a 
cyclic conf'ining stress lie on the same curve as those with 
4000 I 
1 1 BREEDON GRAVEL I 
Cyclic confining --
C1 
Constant confinino 
stress stress ;;J I 
-
qR kNlm 2 o,R kN/m2 
f 
,.-
x 180 -e- 180 
0 3000 f-
<:) 270 ~ ~ 270 
I 
- - o - - I - - - ~ ~
c 
e 
....-
(/) 
o 
I-
. ~ ~
E 
,cr: 2000 
> 
c 
e 
-.-
IJ) 
u 
.-s... 
4-
QJ 1000 
E 
.2 
o 
> 
VI 
OJ 
oc 
-1000 
<1> 370 
-----
-. 
y 
~ ~
; 
0 
l:l 370 
x 
(] 
- 0--
x 
,.. 
/ )c 
~ ~. ~ ~
l:J. 
.0-
I 
5 1·0 PR 1·5 .e-
6 Pm 
I 
Fig. 7.17 Variation of resilient vollrnetric strain with the 
norm at ized mean norma I stress . 
. .. 
----
2· o 
c 
d 
S-
. ..-
U1 
0 
1.. 
u 
,-
E 
cr: 
-e-
c 
d 
L-
...... 
Vl 
L-
d 
(l} 
.c 
Vl 
~ ~
c 
OJ 
'li) 
OJ 
0: 
40001: 
3500 
I I BREEDON GRAVEL 
I 
0 Constant confining stress 0 f--. r-' 
+ Cyclic confining stress 0 
3000 .-
-- ~ ~- ._------0 2500 
/1 
I 2000 
I 
.' 
+ --1500 
+ 0 o 0 
) + 
-
+ ( ~ ~
1000 
o + ~ ~ 0 
O ~ ~500 
. 
a 1· 0 2-0 3-0 
Fig. 7.18 Variation of resilient shear strain with normalised 
dey i a tor stress. 
115 
a constant confining si.-.ress. The tw·o :Do int s where 
excessively high shear strains occur coincide with the 
wayward points on Fig. 7.17 for samples which were dilating .. 
It should, however, be noted that the range of shear 
strains is similar for both types of test. The g r a d ~ e I l t t
of' this curve j.s a measure of the shear compliance. It 
Can be seen that as qR increases there is a slight decrease 
in the shear modulus and that as p increases, there 1S an 
m 
increase. 
As the shear strain increases to values greatly in 
excess of the volumetric strain, there is a marked increase 
in Poisson's ratio (Fig. 7.19). Considering the Case of 
a constant confining stress, Poisson' ratio "WOuld be 
expected to increase as the shear strains increase ( ~ v h i l e , ,
as already shown., the volumetric stra.ins remain virtually 
constant) .. It can be seen that a marked increase in 
Poisson's ratio occurs only under conditions when the 
shear strains become high relative to the volumetric 
strains and that thi s situation di d not occur "\vhen the 
cell pressure was cycled. 
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I r qR Volumetric Shear strain Pm kN/m2 I Pr/Pm qR/Pm strain (mj_cro strain) 
I (micro stra.in) 
---l 
-
-
B4 lBB 0.75 2.2 -203 3371 
131 186 0. 11; 7 1.4 707 1274 
183 lB5 0.34 1.0 538 1147 
254 178 0.23 0.6 428 587 
320 181 0.19 0 .. 55 399 484 
420 177 0.14 0.42 381 629 
445 272 0.20 0.61 622 739 
460 365 0.26 0.79 471 729 
361 368 0.34 1 .. 0 623 878 
270 280 0.3'± 1.1 512 706 
284 370 0.43 1.3 589 982 
198 272 0.46 1·3 584 908 
146 275 0.42 1.9 692 1229 
215 375 0.58 1.75 859 1222 
164 371 0.75 2.26 612 1804 
99 286 0.96 2.9 588 245
11 
116 372 1.07 3·2 -401 3609 
346 278 0.27 0.8 571 633 
Table 7.1 Values of Resilient Parameters for Constant 
Confining Pressure 
------.1 
I qR 
Pm Il{.N/m2 
. - ----.. -- ! 
255 I 185 
269 27 L1 
285 
252 
270 
286 
248 
179 
185 
208 
129 
135 
160 
93 
108 
375 
173 
272 
368 
177 
270 
371 
182 
276 
369 
188 
274 
370 
11-;-
- ' i - - ~ - - - - ' - - - - - - - ' - - - - - r - - - - - - ' - - - ' - - l lI I Volume-eric -I / l She;:-;x .5train. , PH Pm I qR Pm strain I CmiCl'.ostrainJ I __ . _____ ... ~ ~__ .. L ______ ~ . .__ (In i c ro s t r a ill) .-J 
1 0 . 43 I 0.72 7L1:3 I 670 I 
I, I 0 .. 51 
0.81 
0.89 
0.95 
1.6 
1.62 
1.65 
0.88 
1.03 
1.05 
1.22 
1.4 
2.0 
2.0 
1.91 
1.02 
1·32 
0.69 
1.0 
1.29 
0.68 
1.0 
1.25 
1.0 
1.45 
1.78 
1.41 
2.04 
2·3 
71 '± 
687 
1177 
1325 
265 11 
3086 
1156 
1393 
1411 
2104 
3228 
3369 
3798 
_., 0 
('1/ 
632 
791 
92/' 
1160 
1226 
753 
994 
1147 
1420 
1697 
2076 
2664 
Table 7.2 Values of Resilient Parameters for Cyclic 
Confining Pressure 
CHAPTER EIGHT 
UNBOUND MATERIAL BEllA VIOUR IN THE 
PAVEHENT SYSTEM 
8.1 INTRODUCTION 
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An attempt has been made to incorporate the materials 
tested in this study into a theoretical pavement structure. 
Three layer structures have been considered, with 
the Keuper marl as a subgrade, Breedon gravel as a sub-base 
and a single bituminous bound layer consisting of a dense 
bitumen macadam (Fig. 8.1). 
Pavement systems were select.ed for two design lives; 
106 and 107 standard axles. These systems l'lere t.hen 
analysed at three different temperatures. The stresses 
and strains were computed using a layered elastic computer 
programme known as BISTRO (Peutz et aI, 1968). 
Using the computed stresses, an estimate has been made 
of the accumulation of permanent deformation for the 
complete structures considering subgrades of different 
stress histories. 
8.2 THE CONCEPT OF A STANDARD AXLE 
Wheel loads of varying types and configuration Can 
be reduced to an equivalent number of standard axles. 
The standard axle most generally used in 8.2 tonnes. 
The concept of a standard axle assumes that a given vehicle 
load L, can be reduced in terms of damage to a pavement 
Fig·8.1 Theoretical pavement structures. 
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structure to F applications of a standard wheel load S, 
such that: 
The power of n found by most investigators is about 
4 (Peattie, 1974). Table 8.1 lists typical equivalence 
factors for different classes of axle load. It can be 
seen that the damage caused by light vehicles is negligible. 
Fige 8.2 shows the equivalence factor plotted against the 
axle load on a semi-logarithmic scale. This graph is 
similar and Can be considered analogous to those plotted 
for Keuper marl of strain rate against some stress function. 
Therefore, as far as clays are concerned, the concept of a 
standard axle is a useful tool in any determination of 
plastic strain. 
Axle load Equivalence. 
class 
-
tonnes factor F 
0 
-
1.81 0.0002 
1.81 - 3.63 0.001 
3.63- 5.44 0.09 
5.44 !. 7.26 0.35 
7.26 - 9.07 1.00 
9.07 - 10.89 2·30 
10.S9 - 12.70 4.40 
12.70 - 14.52 7.60 
14.52 - 16.33 12.1 
Over 16.33 22.8 
Table 8.1 Equivalence Factors 
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Analyses were carried out for 106 and 107 stf\.l1dard 
axles. 
A single wheel conf'igurati.on was used since other 
configurations are not ll"lrely +0 llave much ef"fect t d-eptl). 
- .'- - _ ~ ~ J. ; a 
(Peattie, 1974). The radius of the loaded area was assumed 
to be 0.16 m and the pressure acting on this area is hence 
8.3 MATERIALS IN THE PAVEMENT STRUCTURE 
8.3.1 Bituminous Layer 
A single bituminous layer only was considered in the 
theoretical pavement systems. A dense bitumen macadam 
was chosen on which tests have been carried out to allow 
some prediction of permanent strain (Snaith, 1973). 
The properties of this layer are affected by both 
temperature and vehicle speed. The stiffness of the 
b i t u m ~ n o u s s layer was determined using the method given by 
Brown (1974) (1) for a vehicle speed of 30 kph and three 
o 
temperatures of 20, 30 and 40 c. The stiffnesses for the 
different layer thicknesses and temperatures are given in 
Table 8.2. 
A Poisson's ratio of 0.4 was chosen for this layer. 
8.3.2 Breedon Gravel 
Although this material would not be used in a road as 
a sub-base, it was chosen for the second layer because 
some data is available on the permanent and resilient 
stress-strain characteristics. 
System Temperature Design 
No. °c Applications 
1 20 106 
2 20 107 
3 30 106 
4 30 107 
5 40 106 
6 40 107 
Thickness Stiffness Tensile 
of DBM of DBM strain in 
MN/m2 DBM mm U strain 
150 8250 i 155 
250 8000 74 
150 3200 315 
250 3100 159 
150 1040 651 
250 1000 363 
Allowable 
tensile strain 
in DBM 
U strain 
-
140 I 
75 
140 I 
75 
140 
75 I ! 
Compressiv 
strain in 
su.bgrade 
u strain 
587 
251 
985 
455 
1650 
856 
T 1 
e I Allowabl e ! 
I strain in I 
subgrade 
U strain 
1±50 
2.40 
/150 
240 
450 
240 
--
Table 8.2 Critical Strains in Pavement Systems 
. 
~ ~
N 
~ ~
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The modul.us of this materiB.J. is s-tress d e D ~ n d e n t t
... 
and hence an initial estimate of 150 }iN/m2 l ' . ~ a s s made for 
the value of modulus. Using this value a first analysis 
of the pavement structure was made using BISTRO which 
gave an approximate stress distribution. The modulus of 
granular materials is primarily dependent on the horizontal 
stress (Hicks, 1970, Lashine, 1971). Using data given 
by Lashine (1971), and the mean value of horizont-al stress, 
taking into account the overburden pressure, the modulus of 
2 
the Breedon gravel. was re-esi:imated to be 60 }A..N/m • 
As the principal stress ratio for this layer is 
relatively high, large shear strains would be expected and 
hence a value of Poisson's ratio of 0.3 was chosen (Fig. 7.19). 
8.3.3 Keuper Marl 
The modulus of this layer is governed by the ratio of 
shear stress to the horizontal stress (Fig. 6.85). In situ 
the value of horizontal stress would depend on the height 
of the water table and the value of soil suction. For the 
purposes of this exercise, the marl is considered to be 
saturated and the horizontal stress 1S the same as the over-
burden pressure (estimated as 10 kN/m2 ). An initial 
estimate of the modulus was made of 60 MN/m2 • The first 
BISTRO analysis showed that the ratio of the deviator 
stress to the ef'fective confining stress was 2 or more and 
hence a value of 25 MN/m2 was chosen for the modulus (Fig. 6.84) 
Three hypothetical stress histories were postulated, 
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having OCR's of), 10 and 160 at e. constant effective 
swelling pre s sure 0 f 10 I d ~ ~1m2 (Fig. 8. 3) .. The OCR of 3 
is on the "wet" side, while those of 10 and 160 are on 
the "dry" side. 
Since the modulus of the marl is dependent only on 
stress l e v e l ~ ~ then the three stress histories will have 
the same modulus for a given vehicle load but different 
permanent deformation characteristics. 
The Poisson's ratio for this layer was estimated to 
be 0.4. 
8.4 RESILIENT STRAIN CRITERIA 
Some pavement design methods (Dormon and Edwards, 
1964, Brown, 1974) use limiting values of resilient strain 
in the a s p h a ~ l t t and the subgrade as design cri teria. 
These limiting values have been evaluated for the t ~ ~ ~
pavement structures, and are later compared with the 
calculated values in the pavement structures. 
8.4.1 Tensile Strain in the Bituminous Layer 
A fatigue line specifying the maximum allowable 
strain in the bituminous layer can be determined knowing 
the percentage volume of binder and the initial ring and 
ball softening point of the bitumen, using data given by 
C ~ o p e r r and Pell (1974). 
For the dense bitumen macadam, the values were as 
follows: 
32 
'cf!. 26 
-+-
~ ~ 24 
--5 
u 
Q) 22 
~ ~
:J 
--If) 
'0 20 
2: 
18 
:I) 
I - ~ ~\ 
! I 
I i 
i " 2 5 ~ ~ 1 J 
I 
I 
I i 
i 
I ! I 
OCR 3 
I i 
' ~ ~ I I I I I 
'\ t I ~ ~ I I I ~ ~ I I 
Pe " 80 kN/m2 '1- /, I ~ ~ '\? i 
o ~ ~ i CR 10 0 I I ~ ~ ~ I I I 
I 
I 
'1-& I r I I 
, (0 ~ ~ ~ ! Ii ~ I I I It ~ ~ ~ ---, - --
Pe "500 kN/m2 ~ ~ I ! ~ ' ' -- - - -- - -f\ I I I I ' ~ i - - ~ I I \ l _I I I ~ . . ~ ~76 0 - I I i i-------f.\. 
---
J 
28 
16 
14 
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Fig. 8.3 stress histories chosen for pavement analysis. 
124 
106 applications: 
107 applications: 75 \J. strain 
8 " I') • .J.. "'-I 
The criterion used by Brown (1974) for British roads 
was adopted. The following allov. ... ablc resilient strains 
on the subgrade are given: 
106 applications: 450 \J. strain 
107 applications: 240 \J. strain 
8.5 DESIGN PROCEDURE AND EVALUATION 
Using Road Note No. 29 pavement structures to be 
evaluated were designed for 106 and 107 applications of 
load and a suhgrade CBR of 5% .. The depth of the granular 
layer chosen in both Cases was 200 mm. The basecourse 
and roadbase '\'vere combined in one layer which was 150 mm 
and 250 mm for 106 and 10'7 applications respectively. 
This procedure does not allow for the effect of 
temperature or loading time on the asphalt layer, which 
are considered below in the elastic analysis. 
8.5.1 Layered Elastic Analysis 
Each thickness of the asphalt layer was considered 
at three different temperatures, making a total of six 
p ~ v e m e n t t systems. 
Using the BISTRO programme, analyses were carried out 
of these pavement systems. The data required was as 
follows: 
(c) 
Thickness of each layer (exrcept b d) BlL gra e • 
The stiffness of each layer. 
The Poisson's ratio of each J_ayer. 
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The tensile strains at the bottom of the asphalt 
layer have been given in Table 8.2, together with the 
compressive strains in the subgrade. Compari son '\vi th 
the allowable values shows that system 1 is slightly 
under-designed while the strains in system 2 are virtually 
the same o.s the allowable values. However, the systems at 
higher temperatures give strains greatly in excess of the 
allowable values. 
The distribution of the vertical and radial stresses 
generated by a standard axle load in the illLbound layers is 
gi.ven in Figs. 8.4 to 8.9. These show that the radial 
stresses generated by the wheel load in the granular layers 
are tensile, but except for systems 5 and 6 these tensile 
stresses are never greater than the criterion proposed by 
Brown and Pell (1972)' of a half the vertical stress added 
to the overburden pressure. 
The traffic associated lateral stress for marl is very 
small and hence the confining stress 1S virtually constant 
and can be considered as being equal to the overburden 
pressure, MLich would be approximately 10 kN/m2. The 
value chosen of 25 MN/m2 for the modulus is, therefore, a 
reasonable one as the ratio of the deviator stress to the 
confining pressure 1S on the whole greater than 1 (see 
Fig. 6.84). 
Stress kN/m2 
-I.[J -3J -20 -10 0 10 20 30 40 
I I r I I I I I Asphalt layer· I I I I I 
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Djign fPPlicat;ons 'f6 1 
Fi g. 8.4 Q:>rrputed stresses in unbound layers of pavement 
structure. 
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1i I! ~ ~ 700 ~ - - ~ - ~ ~ ~ - ~ ~ ~ ~ ~ ~ - ~ i ~ ~ ~ ~ ~ ~ ~ ~
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Fig. 8,5 Computed stresses in unbound layers of pavemen t 
st ructure. 
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8.5.2 The Accumula tion of Permanent Strain 1!1 the P a Y ( ? ~ T ! C ~ l t t
structure 
The permanent strains in the subgrade w'ere computed 
USillg e q u d t l o f i ~ ~ G.17 to G.21. T'"'\ ,. , ,_ • , ru.L t-ue::se J..t- w a ~ ~ uece::s::-;a.i:y 
to know the traffic generated vertical stress, and the 
equivalent pressure p • 
e 
As the traffic stress varies with 
depth it was necessary to split the subgrade into sub-layers 
and consider the mean veri:ical stress in each of these 
sub -1 ayer s. Table 8.3 lists the stresses in the sub-layers 
and the resultant deformations. The thickness of sub-layer 
chosen varied according to the rate of change of s t r e s ~ ~
through the subgrade. The function used for the strain 
rate was assumed to apply at low stress which may have 
resulted in a slight overestimate of permanent strain in 
some Cases. 
Estimates of permanent strain in the granular layer 
were made using Fig. 7.10. The lateral stress considered 
waS the approximate net value taking into account the over-
burden pressure. These were, however, only approximate 
as little is known of the effects of tensile stresses in 
the bottom of this layer. For temperatures of 40
0
c 
these tensile strains existed throughout the layer a n ~ , ,
therefore, no estimate could be made of the permanent 
strains. 
The permanent strains in the bituminous layer were 
estimated from data given by Snaith (1973). These are 
also only approximate since no data is available for the 
behaviour of this particular material under the high 
I 
12( 
Depth of 
sub-layer OCR P e q 
I 
q/Jp Ie % 
e I p 
i S u b - l a ~ ~ r r I Total ~ ~
I deformatlon', deformation mm kN/m2 kN/m2 mill mm 
System 1 106 a.pplications 20°C I 
325 3 25 :1.2.5 2.5 I -761 2 .. 47 
325 3 25 9 1.8 1. 6 3 2 .. 05 
1000 3 25 4.5 0.9 .50 5.00 9.5 
325 10 80 12.5 1.3 .31 1.00 
325 10 80 9 1.0 .23 0.75 
1000 10 80 4.5 0.5 .161 1.6 
325 160 500 12.5 0.56 .17 0.55 
J·35 I 
325 J 160 500 9 0.4 . 15 0.49 
1000 160 500 4.5 0.2 .13 1.3 2.34 
- - - - ~ - - - - ~ - - - - ~ - - - - ~ - - - + - - - - - - - - - - - - - 4 - - - - - ~ - - - · · ·
System 2 
275 
275 
1000 
275 
275 
1000 
275 
275 
1000 
System 3 
100 
250 
300 
1000 
100 
250 
')00 
1000 
100 
250 
300 
1000 
107 applications 
3 25 
3 25 
3 25' 
10 80 
1.0 80 
10 80 
160 500 
160 500 
160 500 
6.0 1.2 
5.0 1.0 
2.5 0.5 
6.0 0.67 
5.0 0.55 
2.5 0.27 
6.0 0.67 
5.0 0.22 
2.5 0.11 
applications 
3 
3 
25 24 4.8 
25 17 3.4 
3 25 
3 25 
10 80 
10 80 
10 80 
10 80 
160 500 
160 500 
11 2.2 
4.5 0.9 
24 2.6 
17 1.9 
11 1.2 
4.5 0.5 
24 1..07 
17 0.76 
160 500 11 0.49 
160 500 4.5 0.2 
.22 
.20 
· 16 
· 16 
· 16 
· 15 
30 0 e 
1.36 
.95 
.70 
.5 
.76 
.44 
.27 
· 16 
.25 
• 19 
· 1.6 
• 13 
2.17 
2.06 
6.6 
0.6 
0.55 
1.6 
0.4l1 
0.44 
1.5 
1..36 
2.37 
2.1 
5.0 
0.76 
1.1 
.81 
1.6 
0.25 
0.475 
0.48 
1.3 
10.83 
2.75 
2.38 
10.83 
4.27 
2.50 
Table 8.3 Permanent Strains in the Subgrade 
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-r;:- ------Depth of r -
Pe • sub-layer OCR kN/m 2 q 2 q/JPeJ mm kNjm 
- - - . : - . - - - - - - - - - - - ~ - - - . - . .
Sub-layer Total 
e % deformation deformation p 
mm mill 
's 
~ - - ~ - - - - - - - - - - ~ - - - - - - - - - - - ~ ~I o ys"{;cm if applications 30 C I 
275 3 25 10 0.2 .97 2.66 
275 3 25 8 .1.6 .88 2.42 
1000 3 25 4: 0.8 .71 7.1 12.18 
275 10 80 10 1.1 
• J i 0.825 
275 10 80 8 0.89 .26 0.715 
1000 10 80 4 0.44 .. 18 1 .. 8 3.34 
275 160 500 10 0.44: 
· 18 0.49 
275 160 500 8 0·35 .. 17 o .f±6 
1000 150 500 4 0.17 
· 15 1.5 2 . .lJ5 
.--- --
System 5 106 design applications 40°C I 
100 3 25 37 7.'± .26 2.6 
250 3 25 25 5 1.43 3·5 
300 3 25 15 3 .86
1 
2.58 
1000 3 25 5 1 .52 5.2 13.,88 
100 10 80 37 4.1 2.1 2.1 
250 10 80 25 2.7 .83 2.0 
300 10 80 15 1.6 .37 1.1 
1000 10 80 5 0.5 .17 1.7 6.9 
100 160 500 37 1.6 • 37 0.37 
250 160 500 25 1.1 .25 0.62 
300 160 500 15 0.67 • 18 0.54 
1000 160 500 5 0.22 • 13 1.3 2.83 
. 
Sxstem 6 107 design applications 40°C 
275 3 25 18 3.6 1. 45 1 3.98 
275 3 25 11 2.2 1.02 2.8 
1000 3 25 5 1 .75 7.5 14.28 
·275 10 80 18 2 .57 1.56 
275 10 80 11 1.2 .32 0.88 
1000 10 80 5 0.55 .20 2.0 4.44 
275 160 500 18 0.8 .24 0.66 
275 160 500 11 0.49 • 19 0.52 
1000 160 500 5 0.22 • 16 1.6 2.78 
. 
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k . . . ~ ' m 2 2 ['q/fP Ie % -Depth. of P e S'ub-layer Total l sub-layer OCR kN I 2 de-rormation deformation 
mm 1m . .. I ~ ~ I p mm 111m 
1-- _._L_ _. 
-
System 3 106 applications 30u e I , I I ! 
100 3 25 24 l1.8 .91 0.91 I 
I 
250 3 25 17 3·4 .63 1.58 
300 3 25 11 2.2 .47 1.41 I 
1000 3 25 4.5 0.9 .34 3.4 7·3 
I 100 10 80 24 2.6 .61 0.61 250 10 80 17 1.9 ·35 0.88 I 300 10 80 11 1.2 .21 0.63 I 1000 10 80 4.5 0.5 
· 13 1·3 3 • l1 
100 160 500 24 1.07 .20 0.2 
250 160 500 17 0.76 • 16 0.4 
300 160 500 11 0.49 
· 13 0·39 
I 
1000 160 500 4.5 0.2 .11 1.1 2.1 
System 4 10 6 applications 30°C 
: 
275 3 25 10 2 .45 1.24 
275 3 25 8 1.6 .40 1.1 
1000 3 25 4 0.8 .33 3·3 5.6 
275 10 80 10 1.1 .2 0.55 
275 10 80 8 0.89 • 17 0.47 
1000 10 80 4 0.44 · 12 1.2 2.22 
275 160 500 10 0.44 .13 0.36 
275 160 500 8 0.35 .12 0·33 
1000 160 500 4 0.17 
· 1 1.0 1.69 
I 
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Depth of - r 
r 
--
sub-layer 
mm 
q/ Jp e 18p% deformntion deformiition 
1
" S U b - l a y e r ~ l l Total 
l mm 111m 
-_ .. - .... ----...... 
.. ........ -_ ... _-- ,. ........ ~ , , - - _.* . - - - - - - - - ~ . . ... - . - - - . ~ - . . , . . -..------ ------------
---
System 5 10,000 applications 40 0 e I 
100 3 25 37 7.4 1.1 1. 1 
250 3 25 25 5 .6 1.5 
300 3 25 15 3 .36 1.1 
1000 3 25 5 1 .21 2.1 5.8 
100 10 80 37 I 1.28 1.28 I Li.1 I 
250 10 80 25 2.7 
• 5 1.25 
300 1.0 80 15 1.6 .23 .69 
1000- 10 80 5 0.5 • 1 1.0 4.22 
100 160 500 37 1.6 .2 0.2 
250 160 500 25 1.1 .15 0.37 I 
300 160 500 15 0.67 
· 11 0.33 
1000 160 500 5 0.22 .08 0.8 I 
"- -- ---j 
§ystem 6 10,000 applications 40 0 e I 
275 3 25 18 3.6 
I 
.42 1.15 
275 3 25 11 2.2 .)0 0.83 
1000 3 25 5 1. a .22 2.2 4.18 
275 " 10 80 18 2.0 .29 0.8 
275 10 80 11 1.2 .16 0.44 
1000 10 80 5 0.55 • 1 1.0 2.24 
275 160 500 1.8 0.8 .12 0·33 
275 160 500 11 0.49 .09 0.25 
1000 160 500 5 0.22 .08 0.8 1.38 
Table 8.3 (contd.) Permanent strains in the Subgrade 
131 
tensile stresses experi811ced in the lower half of' this 
].ayer. 
A comparison of the deformations accumulated in the 
individual layers , C J._ tJ given in Table 8.4. For all 
temperatures of the asphalt layer, the contribution of 
the subgrade is very dependent on the stress history. 
Under British climatic conditions one would not 
expect temperatures of JOoC or 40°C for the design lif'e 
of a pavement. Computations were, therefore, also made 
for these temperatures of the deformation accumulated after 
105 and 104 load applications respectively. 
The heavily over-consolidated marl, which would be 
equivalent to an unweathered "cut" situation, suffers small 
deformations even at reJ.ntively high temperatures wh.en the 
asphalt layer would afford the least protection. 
In practice, it is more likely, however, that the 
geological stress history lvill have been weathered out of 
the soil and that it would only be lightly over-consolidated, 
possibly due to the removal of an overburden. At a 
temperature of 20 0 C which is not untypical of temperatures 
in the asphalt layer under British conditions, then a 
subgrade of this stress history contributes approximately 
50% of the deformation during the design life. 
At higher temperatures the asphalt deforms much more 
while the subgrade deforms by virtually the same amount. 
Even at very high temperatures of 40 0 c the increase in 
deformation of the subgrade over the design life is only 
)0-40%. o One would only expect temperatures of )0 C or 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
DBM 
DBM 
Breedon Gravel 
K.M. (p =25) 
e 
K.M. (p =80) 
e 
K.M. (p =500) 
e 
20 
21 
60 
DI ~ M M 4.37 106 17 23 26 
3 I Breedon Gravel 10 106 39 54 59 I 
3 IK.M. (p =25) 10.8 25.17 106 43 I 
3 I K.M. (p e =80) 4.27 18.64 106 23 I 
e , 
3 K.M. (p =500) 2.50 16.87 106 f 15 I 
I e ,_ l 
4 DBM 12.84 107 36 49 50 
4: I Breedon Gravel 10 107 29 38 40 
lJ: K.M. (p =25) 
e 
12.18 35.02 107 35 
3.34 26.18 107 13 
t 
I 
I f-loo 
I w 4: 
4: 
K.M. (p =80) 
e 
K.M. (p =500) 
e 
2.45 25.29 107 
--- ---- -- - - - - - ~ - -
__ ----!I N :1.0 
Table 8.4: Permanent strains in Pavement L ~ y e r s s
System Layer 
5 DBM 
5 Breedon Gravel 
5 K.M. (p =25) e 
5 K.M. (p =80) e 
5 K.M. (p =500) e 
6 DBM 
6 Breedon Gravel 
6 (p =25) K.M. 
e 
6 K.M. (p =80) 
e 
6 K.M. (p =500) 
e 
3 DBM 
3 Breedon Gravel 
3 K.M. (p =25) e 
3 K.M. (p =80) e 
3 K.M. (p =500) e 
4 DBM 
I 4 Breedon Gravel 4 K.M. (p =25) 
e 
4 K.M. (p =80) 
- e 
4 K.M. (p =500) 
e 
Deformation Total No. of % total % total I % total 
mm Defo:nnation Applications d e f o r m ~ t i o n n deformationldeformation p =25 P =80 p =500 
e I e --_ e 
30.46 106 
- 106 
13.88 106 
6.9 106 
2.83 106 I 
77.20 107 
- 107 ! 
14.28 107 I ~ ~ ! 
I I I 4.44 107 I 
2.78 107 1- J 
3·2 105 15 19 I 21 I 
10 106 49 60 65 
7·3 20.5 106 36 
3. 4 16.6 106 20 
2.1 15·3 106 I 1l! 
5·3 105 25 30 j 31 , I 10 10s 48 57 58 I 5.6 20.9 106 27 I 
! 
I 2.2 17.5 106 , I I 1.7 17 .. 0 105 I 10 1 ___ ~ ~________ ~ ~ ~ ___ .\ _ ~ ~____ _______._l. 
Table 8.4 (contd.) Permanent strains in Pavement Layers 
I 
I 
I 
I 
I 
I , 
t-4 
.... " w 
, , 
, , 
, 
'! 
System Layer 
5 DBM 
5 Breedon Gravel 
5 K.M. (p =25) e 
5 K.M. (p =80) e 
5 K.M. (p =500) e 
6 DBM 
6 Breedon Gravel 
6 K.M. (p =25) 
e 
6 K.M. (p =80) 
e 
6 K.M. (p =500) 
e 
-
Deformation Total No. of % total % total deformation deformation 
mm Deformation Applications p :::25 p =80 
e e 
4.7 104 I 
- 104 
5.8 10 4 
4.2 104 I 
I 1.7 104 
I 104 I ! 9·1 I 
-
10 4 I 
4.2 104 I 
, 
2.2 I 10 4 
1.4 104 
.J 
Table 8.4 (contd.) Permanent strains in Pavement Layers 
I 
% total 
deformat.ion 
p :::500 
e 
I 
I 
I 
I 
t 
~ ~
t-I. 
\"....) 
0+.. 
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1 0 0 ,... ~ . . . 1: v (lUr1l1.g a small proportion of the design life and 
during these periods it is the deformation of the asphalt 
",hich becomes important. 
The granular layer used in the hypotheticaJ_ structure 
contributes as nmch as 60% of the total deformation in the 
pavement. A more accurate evaluation of the behaviour of 
this material is, however, r e q u i r e d ~ ~ in particular at 
gradings more typical of those found in a road. 
8.5.3 Performance in Terms of Failure Criteria 
The term rfdesign lifeH applied to a road pavement 
implies a failure condition. Performance criteria have 
been developed from in-service roads (Croney, 1972) e Two 
cri teria can be def'ined, one corresponding to failure or 
the state at which major structural repair is required and 
the second is a critical condition at which overlaying 
would ensure continued satisfactory performance. The 
failure criterion for British Pavements is taken as a total 
deformation of 25 mm (or a rut depth of 20 mm). The 
critical condition can be taken as a total deformation of 
20 mm or a rut depth of 15 mm. 
In terms of the design criteria outlined in Section B.q, 
pavement system 1 was slightly under-designed w·hile system 2 
was virtually correct. Both of these reached a critical 
total deformation for the poorest subgrade and a temperature 
Table B.4: shows, however, that rela.tively small numbers 
o 
of axle loads (105 ) at a higher temperature of 30 C can 
1J6 
bri.ng a pavement to a critical condition if the subg-rade 
, ~ ~
has a high moisture content and is lightly over-consolidated. 
Failure conditions occur after the design number of 
applications at a temperature of JOoe. This temperature 
would not, however, be likely to exist for the design life 
of a pavement under the conditions of a British climate. 
8.6 A STRUCTURAL DESIGN PROegDURE 
Providing an estimate can be made of the traffic 
loading and temperature spectrum for the design life of 
the pavement, together with the necessary material 
characteristics, then a structural design approach for 
pavements could be adopted, similar to that proposed by 
Brown c ~ d d Pell (1972). 
The criteria which could be used would be a limiting 
tensile strain in the base of the asphalt layer (to prevent 
fatigue cracking) and a limiting permanent deformation of 
the structure during the design life. 
Using an iterative procedure the preliminary designs 
gi ven in Sec'tion 8.5 could be improved according to both 
engineering and economic criteria. 
The engineering criteria for the unbound materials 
would require simple laboratory repeated load tests to 
determine their resilient properties and creep tests on 
the subgrade material to determine its permanent deformation 
characteristics. 
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CHAPTER NINE 
CONCLUSIONS f u ~ D D RECOMNFNDATIONS FOR 
FURTHER WORK 
9. 1 CONCLUSIONS ARISING FROM THE TESTS ON KEUPER MARL 
The obj ectives of the work on this material w·ere to 
characterise the plastic and elastic properties of an over-
consolidated clay subjected to retted loading and to 
attempt to relate these properties to a general model of 
behaviour, while aJ_Iowing their characterisation whenever 
possible by simple laboratory tests. 
9.1.1 Strain Controlled Tests 
(1) There is a steep rise in t.he pore pressure parameter 
"An for the start of all the tests, this rise being 
the steepest for heavily over-consolidated clays. 
\ , 
If the pore water pressure ~ ~ is normalised with 
respect to the equivalent pressure p , then the 
e 
equilibrium value of u/p decreases as the OCR increases. 
e 
It is possible to divide the samples tested into two 
categories, those with OCR's of 10, 20 and 75 are on 
the Hdry" side and those of OCR's of 2 and 4: are on 
the "wet" side. 
(3) If the plots of q against p are projected onto a 
single plane by normalising them with respect to Pe' 
then whatever the starting point the stress paths all 
converge on one point at which q/Pe is equal to 0.4:5 
and pIp equals 0.36. 
e 
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( 4) I'he terminal "(.ral"L"'..e of q/n is reached at h1' l!'h ~ ~ e a - c> .er 
strain as the OCR i n c r e a s e s ~ ~ The value of qf/Pe ::: 
0.45 is a constant and Can be used to calculate the 
single loading strength for any value of D • 
~ ~ e 
(5) Considerable pore pressure gradients exist in lightly 
over-consolidated sampl es during strain controlled 
testing, evidenced by the fact that the equilibrium 
value of pore water pressure under creep loading is 
greater for a given value of q than that attained 
under strain controlled conditions. 
9.1.2 Creep and Repeated Loading Tests 
The behaviour of clay under these two types of loading 
has been sho1vn to be very similar, and can be compared in 
many respects. 
9.1.2(a) Pore water pressure 
(1) During repeated loading an equilibrium value of pore 
water pressure is not reached until between 106 and 
106 cycles. 
(2) The behaviour' of the pore water pressure under creep 
and repeated loading 1S very similar although the 
peak values under creep tend to be higher than under 
repeated loading. 
9.1.2(b) Accumulation of plastic strain 
(1) A simple empirical relationship exists during the 
early stages of a test between the 3train accumulated 
under creep and that accumulated under repeated loading. 
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For times up to 5000 secondE the strain accumulated 
under continuous sinusoidal ~ l o a d i n g g is approximatGly 
half the value accumulated under a creep load. 
(2) For sub-failure stresses the logarithm of the strain 
rate is directly proportional to the logarithm of 
~ ~
time, the slope Can be defined as a decay constant 
and is the same for creep or repeated load tests of 
the same stress history .. For samples on the IIdrytl 
side of critical state this decay constrult is equal to 
-1; for the tfwetfr side it is equal to -0.8"? 
(3) For a given stress history and a given time, there 
are unique relationships bet'w'een the strain rate 
and the applied stress, depending on whether the 
stress is static or repeated. 
(L.t-) If it is assumed that a repeated stress can be 
approximated by a finite number of static stress 
levels, then it is possible to derive a relationship 
between the strain rate and the deviator stress for 
the repeated load situation from creep tests. When 
this process is carried out some measure of agreement 
is found between individual experimental points and 
the theoretical line. 
(5) Using the relationships between creep and repeated 
loading it is possible to approximately predict strains 
accumulated during repeated loading from creep data. 
(6) For creep and repeated loading tests it is possible 
to express the strain rate at a given time in terms of 
a fWlction of' the deviator stress q and the equivalent 
pressure p • 
e 
General relationships have been 
developed for creep and repeated load tests, these 
depend on whether a sample is on the "wet U or Hdry" 
side of critical state, and take the form: 
• 
where e = strain rate 
T = time 
A = decay constant 
a! = f( q, p ) 
e 
By integrating the above relationship between limits, 
it is possible to predict the accumulated plastj_c 
strain. 
(7) The ratio of the single loading strength qf ~ o o the 
, 
equivalent pressure p is a constant. 
e 
The strain 
rate can, therefore, be expressed as a function of q 
The sample strength is not, however, an 
independent variable since it depends on the voids 
ratio of the -clay. p can be considered as a measure 
e 
of the voids ratio and is, therefore, a more 
fundamental parameter than the sample strength. 
(8) Rest period loading of lightly over-consolidated 
samples causes a slight increase in the strain rate 
and hence the strain accumulated after a given n ~ o o b e r r
of cycles. This trend is not, however, evident for 
the more heavily over-consolidated samples. 
9.1.2(c) Recoverable de£ormation 
(1) There ~ s s a marked decrease ~ n n the r e s i l ~ e n t t modulus 
w ~ t h h the number of load a p p l ~ c a t i o n s s for lightly 
over-consolidated marl. This decrease becomes less 
marked as the OCR increases. It is thought that 
this phenomenon is due to the decrease in effective 
confining stress during a test. 
(2) An equilibrium value of resilient modulus is reached 
for all OCR's after approximately 105 cycles. 
(J) The resilient modulus is independent of moisture 
content and stress history for saturated Keuper marl. 
There is a hyperbolic relationship b e t ' ~ v e e n n the 
resilient modulus and the ratio of the deviator stress 
to the initial effective confining stress. 
(4) Two kinds of recoverable deformation are discernable 
during rest period loading. One is purely elastic 
and the other is delayed elastic. The largest part 
of the delayed elastic recovery occurs in less than 
one second .. 
(5) A total modulus can be defined by i n ~ l u d i n g g the 
delayed elastic component. A comparison of the 
effect of the application of different numbers of 
cycles between rest periods showed a marked softening 
in terms of the total modulus as the number of cycles 
decreased. 
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9.2 C O N C L U ~ ~ I O ~ i 5 5 A f l I S I ~ G . . .!:PD1-1 ~ H E E TESTS ON BREP,DOr,: 0 , ~ \ V " R T ~ ~
This material lvas tested \lith the objective of 
determining the effect on the reE'.ilient and permanent 
strain propertie s of a cyclic confirn_ng stress. 
9.2.1 Permanent Strain 
(1) The total irrecoverable strain under repeated loading 
is reduced by about 50% at a given level of deviator 
stress if the load is applied gradually by an 
increasing load sequence. 
(2) There is a single direct relationship between the 
permanent strain and the deviator stress normalised 
with respect to the mean level of confining stress 
for both cyclic and constant confining stresses. 
9.2.2 Resilient PE..opertie s 
(1) Testing samples under increasing sequences of stress 
does not alter the resilient properties of the material 
at equilibrium compared with testing individual 
samples at each level of stress. 
(2) For a constant cyclic deviator stress level, it 1S 
the mean value of the confining stress which is the 
determinant of the resilient modulus. 
()} Under a static confining stress the resilient Poisson's 
ratio varies from less than 0.1 to values in excess of 
0.5, and is a function of the principal stress ratio. 
(4) For a cyclic confining stress the Poisson's ratio is 
virtually constant at between 0.2 and 0.1. 
(5) The stress paths in the p, q plane far a constant 
confining stress are a series of parallel lines of 
slope equal to 3. 
(6) Under a cyclic confining stress the slopes of the 
stress paths vary according to the ratio of qR to 
(7) The volumetric and shearing components of stress and 
strain Can be considered separately by analyses 
using octa.hedral, volumetric and shearing, stresses 
and strains .. 
(8) Analysi s of the data in terms of volume-tric and shear 
strains shows the behaviour under constant 
and cycJ.ic confining pressures to he part of a single 
stress dependent f u n c t i o n ~ ~
(9) Discontinuities in the stress-strain behaviour occur 
- (13) 
under conditions of dilation. 
The resilient volumetric strain increases as the 
ratio PR/P
m 
increases. It is not, however, affected 
by the level of the repeated octahedral shear stress, 
As PR increases, the bulk modulus decreases and as 
Pm increases, the bulk modulus increases. 
The resilient shear strain increases as the ratio qR/Pm 
increases, and is independent of the amplitude of the 
repeated mean normal stress, PRe 
As qR increases, there is a decrease in the resilient 
shear modulus and as P increases there 1S a stiffening. 
m 
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9. 3 EQUIPNENT PERFOR'1ANCE 
(1) The loading apparatus allowed a flexibility in types 
of load application which is unique to servo-hydraulic 
systems. The stability of the applied stresses was 
not, h o w e v e r ~ ~ good; it is believed that this was due 
to a mechanical drift of the null position in the 
servo valves. 
(2) A method was developed of automated da"ta acquisition 
using a 14 channel F.M. tape recorder. The use of 
this kind of data acquisition system is justified for 
large numbers of tests of the same type. 
(3) The use of the inductive strain coils allowed the 
lateral strains under a cyclic cell pressure to be 
accurately measured. These coils could, in addition, 
operate in any kind of cell fluid. 
9.4 RECOMMENDATIONS FOR FURTHER WORK 
9.4.1 Keuper Marl 
(1) In order to extend the creep relationship for plastic 
deformation to partially saturated compacted subgrades, 
it is recommended that creep and repeated load tests 
be carried out on this type of material. 
(2) Although a qualitative measure of the delayed elastic 
response of saturated marl has been made, it is 
recommended that i'urther tests be carried out to 
quantify this portion of the total elastic deformation. 
14-5 
(3) Further tests at both low- al1.d high but sub-failure 
stresses should be carried out to det.ermine the shape 
of the e versus 0' function over a larger range. 
This ",,-auld be conducive to a more f"nndomental under-
standing of the creep properties of this material. 
To do this would require the development of a triaxial 
cell with extremely low ram friction and in addition 
a very stable loading s y s t e m ~ ~
( ~ ) ) A study of cumulative damage under creep and repeated 
loading could be carried out using block loading of 
the different levels of load5 This ,\\"Ork could lead 
to the application of random loading to samples which 
is a model closer to the engineering applications of 
thi s typ e of 'W-o rk. 
(5) The use of the inductive strain coils should allow the 
measurement of lateral strains on samples of saturated 
marl. This would allow the evaluation of volumetric 
and shear strains under both repeated and creep loading. 
Breedon Gravel 
Saturated samples of Breedon gravel could be produced 
using porous end platens. The sample length would, 
however, have to be increased because of the end effects 
involved. The advantages of saturated samples would, 
however, be that an analysis could be made in terms of 
effective stresses, as the material has a Coarse grading 
it should be possible to measure dynamic pore pres&ures. 
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9.4:.3 Eguipment 
(1) The pore pressure syst em suffered from problems due 
to corrosion which 'vere not wholly overcome. A 
more thorough plating of the system would probably 
overcome this problem. 
(2) A more accurate measurement of vertical strain , ..... ould 
be obtained by measurement of deformation directly 
on the sample. A system using inductive strain coils 
would allow· thi s to be done. 
(3) It is recommended that the electronic servo-control 
equipment be modified to overcome the drift of the 
null position of' the servo valve. 
(4) The variation of both the resilient and permanent 
deformation of samples is usually examined on a 
logarithmic time base& A modification of the data 
recording equipment ,·rould allow readings to be taken 
at logarithmic intervals. 
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APPENDIX A 
D E S I C ' ~ ~ OF PORE WATER PRESSURE AND CELL 
PRESSURE TRA}JSDUCERS 
A .. '1 DIAPHRAGt'1 DESIGN 
It was decided to standardise the type of diaphragm 
used in both pore water pressure and cell pressure 
transducers. A stainless steel diaphragm 0.635 mm thick, 
rigidly clamped at a radius of '10.7 mm, was chosen. Two 
criteria were considered: 
(a) Volume chauge - this must be a minimum in order to 
maintain the compliance of the pore pressure system 
at a minimum. 
(b) Elastic 1.imit - in order that no drift should occur 
in the transducers, the diaphragms should not be 
loaded past their elastic limit. 
A.1.1 Volume Change 
For a rigidly edge-supported diaphragm, the deformation 
Y is given by Timoshenko (1952) as: 
P (2 2)2 
Y = 64D a -x 
where D Et
3 
= 12( 1_V3 ) 
E = Young's modulus (21.4 x 107 kN/m
2 for stainless 
steel) 
V = Poisson's ratio (0.28) 
a = radius 
t = thickness 
, 
p = pressure 
A2 
The volume displacement V is given by: 
v = fa 2nxydx 
~ J J
0 
a 
...1Tl?-. r (2 2. ' 
= J2D x a -x )dx 
';0 
V = 2nEa
6
.( t_v2 ) 
JJEt3 
If the limit for distortion is t a ~ e n n as the minimum value 
noted· in previous work (Parr, 1972), then V = 4.76x10-a mms 
max 
per kN/m2 • Then, for p = 1 kN 1m2 , a = 10. 7 mm, t = • 635 nm1 
This is an acceptable 
value. 
A.1.2 Elastic Limit 
The maximum radial stress for a rigidly edge-supported 
diaphragm is given by Roarke (1964) as: 
For stainless steel, the yield stress is J.7x10 5 kN/m2 , 
taking the elastic limit as J.Oxl0 5 and assuming this most 
not be exceeded by p = 1100 kN/m2 , then the minimum thickness 
must be: 
t = 0.28 mm 
this criterion 1S satisfied. 
A3 
A. 2 S TRAIN GAUGE DES I m.; 
The diaphragms were gauged with Redshaw· 20 mm 
diaphragm gauges. These had. a full wheatstone bridge 
configuration having a nominal arm resistance 0:[ 220 o. 
The applied bridge voltage was 6 volts and the current 
through the arms was, therefore, 13 rnA. This is small 
enough to allow heat dissipation, prevent oxidation of the 
gauge and give long term stability_ 
A.3 PORE WATER PRESSURE TRANSDUCER 
The assembled pore water pressure transducer is shol,m 
in Fig. A.1, and in cross section in Fig. A.2. By making 
sure that all the connections were tightly bedded onto 
flat surfaces, a continuous passage from the ceramic probe 
to the diaphragm without air traps was ensured. In this 
- 3 2 way, the compliance was reduced to 5 x 10 6 cm /kN/m • 
This compares very well with the value already calculated 
above. 
The calibrations for each transducer are given in 
Table A.1. 
A.4 CELL PRESSURE T ~ ~ S D U C E R R
The cell pressure transducer was manufactured from 
brass hexagonal bar in two halves. A standard strain 
gauged stainless steel diaphragm as described above was 
clamped between the t ~ ~ ~ halves using six 2 BA bolts. 
The cable entry w"as sealed, using a 5/32 enots fitting. 
The base of the transducer was threaded to allow it to be 
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screwed onto the valves on top of the triaxial cells. 
A bleed was let into this bottom chamber to allow the 
transducer to be ,de-aired .. 
The calibJ:"ated outpu.ts of' the tw-o transducers are 
given in Table A.2. 
-
Cell Base Output 
No • mV/kN/m2 
. _--
1 8.66 
2 6.4 
3 5.02 
4 7.21 
5 6.0 
6 7.84 
Table A.1 Calibrations of Pore Water Pressure 
Transducers 
rRig, No. Output 
mV/kN/m2 
1 5.95 
2 5.82 
Table A.2 Calibration of Cell Pressure 
Transducers 
Bl 
APPENDIX B 
LATERAL STRPLIN MEASUREMENT 
B. 1 INTRa DUCTION 
In order to be able to evaluate material behaviour 
under a cyclic confining pressure it 18 necessary to measure 
both the vertical and lateral strains. The vertical strain 
was measured using a conventional LVDT arrangement on the 
loading ram. For the purposes of lateral strain measure-
ment on a granular material the use of LVDT's is unpracticable. 
In addition, the use of water as a confining fluid made 
their use difficult. A decision was made, therefore, to 
use inductive strain coils which do not depend on a very 
accurate location on the soil sample and in addition allow· 
the use of water as a confining fluid. 
B.2 DESCRIPTION OF INDUCTIVE COIL STRAIN MEASURING SYSTEM 
The strain coil system cortsists of two components, 
(a) a pair of sensors and (b) an external instrument package. 
The sensors, each of which is a disc shaped coil, are placed 
in near parallel and co-axial alignment. The sensors used 
were 25 mm in diameter. The separation of the sensors is 
related to the eletro-magnetic coupling between the two. 
By means of an inductance bridge an output voltage as a 
function of strain may be obtained since a change in spacing 
from the initial spacing produces a bridge unbalance. 
The coils can operate at any spacing between 1 and 4 
times their diameter. The effects of rotational or 
B2 
transverse movement are negligible. 
The geometry of the samples did not allow direct 
measurement of strain across the centre section of the 
sample, since to do this it was necessary to generate a 
flux field which was cut by the movement of the end platen, 
thus causing 1\Tild fluctuations in the output. 
A system of measurement was, therefore, devised whereby 
a coil which was attached to the sample 1\TaS coupled ·wi th a 
stationary coil mow1.ted outside the cell wall (Fig. B. 1). 
It was fOWld during routine calibration tests that there 
was considerable lateral translation of the sample and hence 
it was necessary to have a balancing palr of coils on the 
opposite side of the sample (Fig. 4.6). By connecting the 
inner coils on the sample in parallel and doing the same 
with the two outside coils any lateral translation 
automatically cancelled itself out. 
The steel bands used to reinforce the perspex cell 
walls were removed as they were in the flux field. It was 
found that the presence of the cell top clamping rods at 
each side had no effect on the output. 
The water in the cell was found to have no effect on 
the sensitivity of the coils (Table B.l). This was 
verified by carrying out calibrations with the coils clamped 
to a perspex dummy specimen, with and 1\Tithout water in the 
triaxial cell. 
B.) SETTING UP PROCEDURE 
After the Breedon gravel samples were placed on the 
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r M o v : : ~ ~ r , , " ~ : e r r in - : ; - l j : : X ~ ~ l " " ~ e . l J _ r r ~ ~ ; _ . i ~ ~tr\aXi.al c ~ _ _ - ~ ~
.. Out-r:."_"'-"t O U " t T ) l _ ~ " t t (),,+ ..... ,,+- I (\,'+--n,,+-
[:
1 CO].ll .1 I J: - ~ ~ . J : " " ~ ~ I - ~ - l : " ' - - ~ ~
tho_liff Volts I Volts Volts Volts 
(increasing) (decreasing) (increasing) (decreasing) 
. ~ i - . . .. ! ________ : 
o 0.00 0.01 o ~ o o o 0.07 
1 o.lt6 0.50 0.38 0.55 
2 0.89 0.98 o.81t 1.03 
3 1.1t 1.ltl 1.29 1.53 
It 1.91 1.93 1.78 2,05 
5 2.ltl 2.36 2.21t 2.53 
6 2.83 2.89 2.80 2.96 
7 3.38 3.ltl 3·32 3.48 
8 3.89 ).92 3.87 3·97 
9 It .. ltl It.lt6 It. Itll: It.52 
10 1t.90 It.96 5.04 It.98 
20 9.91 9.99 9.95 9.95 
i 30 13.12 12.11 
.--.J 
Table B.l Calibration of Strain Coils with and without "later -
Using a Perspex Dummy Specimen 
cell base t1.VO perspex threaded coil holders .. ·.,-c_Y'e tt h d 
n a ac e 
directly onto the specimen diametrically opposte each 
other, a.11.d held lightly in position by rubber bands. 
The holders were shaped to a 101 mm ra.i.iius to f'i t the 
sample and covered a surface area of approximately 1000 sq.mm. 
The f'ilter paper drains were then put in position and a 
latex membrane was carefully placed over the sample. The 
membrane was punctured to allow the threaded portion of the 
holder to protrude. The membrane was then sealed by being 
clamped with a rubber HO" ring. The strain coils were 
then attached to the holders. The external coils were 
mounted to allow adjustment both vertically and horizontally. 
These were then accurately lined up with the coils attached 
to the sample. The cell top was placed in position ru1d 
the cell filled with water. This done the coils were 
calibrated by using the micrometer adjustments on the external 
coils. For testing purposes, the coils were maintained 
at a separation of tw'o diameters. The coil separation was 
adjusted for each reading by moving the external coils in 
unison until an approximately zero output was obtained 
from the inductive bridge. This procedure allowed the 
coiis to be used at their maximum sensitivity for resilient 
purposes, while the range of permanen.t strain was limited 
only by the travel of the micrometer. 
B.q PERFORMANCE EVALUATION 
Readings were taken using a u.v. recorder. This gave 
a band of noise equivalent to 2.5 microns at the systems 
B5 
maximum sensitivity_ It was possible to resolve strain 
readings to 5 microstrain, a typical resilient strain 
reading would be of the order of" 100 microstrain. 
Calibrations before and after tests gave repeatable r e s ~ l t s . .
Cl 
A P P & ~ D I X X C 
EQUIPMENT CALIBHATION 
- . 
C.1 DISPLACEMENT CALIBRATION 
The LVDT's were calibrated using a micrometer device. 
The input voltage was set so that the sensitivities were 
300 mV/mm. 
As all LVDT readings for vertical displacement were 
taken on the triaxial cell loading ram instead of on the 
sample, it was necessary to correct for the displacement of 
the loading system. 
A dummy aluminium specimen was set up in the triaxial 
cell with lubricated membranes on the end platens. This 
was then loaded verti.cally both statically and dynamically 
and the output from the LVDT measured. The results given 
in Tables C.1 and C.2 are the mean values of four tests. 
The corrections necessary to the LVDT output were as follows: 
static: 
Dynamic: 
0.122 mV /kN/m2 
0.0106 mV/kN/m2 
Repeated load tests at various frequencies between 1 and 
10 Hz w"ith the dummy specimen showed no appreciable frequency 
effect. 
C.2 STRESS CALIBRATION 
The load cells on each rig were calibrated using 
accurate weights and the bridge supply voltage was adjusted 
such that. the sensitivities were exactly 10 mV/kN/m2. 
C2 
A thermistor device coupled to the LVDT Kas used to 
increase the load on a sample as the area of the sample 
increased, hence maintaining a constant stress. The 
calibration readings for this stress control system are 
given in Table C.3. 
- -
. 
Deviator stress LVDl' Output. 
kN/m.2 mV 
-
- . 
-
. 
0 0 
50 G 
. \ 100 12 
200 25 . 
300 37 
400 50 
500 60 
600 73 
Table C.1 Static Deformation of System 
Deviator Stress LVDT Output 
kN/m.2 mV 
0- 80 0-16 
0-220 0-28 
0-350 0-40 
0-465 0-50 
0-680 0-73 
0-810 0-84 
T hI C 2 Dynamic Deformation of System a e. _ 
--
control I Movement of stress Theoretical 
LVDT mm voltage output I voltage output 
volts volts 
0 1..0 1.0 
2.5 1.0"1.5 1.026 
5.0 1.01±0 1.053 
7.5 1.063 t.081 
10.0 1.100 1.111 
. 
12.5 1.140 1.1 l!3 
15.0 1.172 1.176 
17.5 1.214 1.212 
20.0 1.252 1.250 
22.5 1.280 1.290 
25.0 1.328 1.333 
-
Table C.3 stress Control Calibration 
l 
I 
1 
C) 
Dl 
APPENDIX D 
DATA ACQUISITION AND ANALYSIS FACILITIES 
D.1 INTRODUCTION 
An automatic data recording facility was developed 
to take advantage of a high speed ~ L a l o g u e e to Digital (A/D) 
converter ~ i n k e d d to a 16K PDP11 computer. This appendix 
contains a detailed description of these f c"l"t" a L._l les, 
together ,-vi th Fortran software developed for use with this 
computer installation. 
Data collection and processing is shown in block 
diagram form in Fig.D.1. 
D.2 TAPE RECORDER AND DIGITAL SEQUENTIAL PROGRAMMER (nsp) 
The automated o.cqusition of data from the testing 
rigs was carried out using a 14 chromel F.M. tape recorder 
(Fig. D.2). This was sufficient to record two tests 
running concurrently. 
Eleven channels were used for recording the output 
from the two rigs (Table D.1). In order to be able to 
record the complete range of LVDT output and at the same 
time record resilient deflections with accuracy, it was 
necessary to split the output of the LVDT into two components. 
The signal was fed through a high pass filter for one channel 
(thus eliminating the D.C. component) and for the other it 
was fed effectively through an amplifier with unity gain. 
A digital sequential programmer was incorporated into 
a remote control unit to operate the tape recorder {Figs. 
DYNAMIC SOIL 
TESTING 
RIGS 
PULSES FROM DIGITAL TAPE RECORDER 
PDP II 
CPU 16K 
ANALYZED 
DATA 
_ ,PRINT OUT 
L-..---__ -'""1 SEQUENTIAL 
C(CLE COUNTER PROGRAMMER - lAND SAMPLING PULSE 
F RCJv1 LINE 
PRINTER 
w 
:;) 
~ ~g l ~ ~
« « 
z 0 
« 
UI V RECORDER 
_ I USED FOR VISUAL 
STORAGE IF NECESSARY 
I 
REMOTE CONTROL 
f 
SA MP LI N G PULSE 
GENERATOR 
1 
14 CHANN EL 
TAPE RECORDER 
----
SAMPLING PULSE 
t-- ---- - ~ ~ ---
RECORDED DATA 1------:.-----
I ICL 
I 
I 
DISC 
STORE I ... - ... 
PDP 11 
COMPUTOR 
AID 
CONVERTOR 
I I CARDS J CDMPUTOR r--,.. - - - -I HAND PUNCHED l- - 1906A r I _ ~ - - - - - I , PAPER TAPE ANDIOR LINE PRINTER 
ANALYZ ED 
DIGITAL 
.. VOLTMETER 
OSCILLOSCOPE 
VISUAL MONITOR 
I 
I 
HAND PUNCHED 
CARDS ...... ___ ...1 -. PRINT OUT 
L 
I I I 
DATA 
J FROM LINE _ PRINTER 
THIS FACILITY USED DURING DEVELOPMENT OF 
AUTOMATIC RECORDING. 
FIG. D.1 BLOCK DIAGRAM OF DATA ~ C O R D I N G G AND ANA LYSIS. 
Fig. 0.2 Tope recorder. 

D2 
r F _:.--neC;rder ----
Channel Signal 
I t - - "j-;:-;;---"---" Rig 
1 
2 . Cell Pressure 1 
3 LVDT x 1 1 
4: Pore Water Pressure 1 
5 Load 2 
6 Cell Pressure 2 
7 LVDT x 1 2 
8 Pore Water Pressure 2 
9 LVDT (Filtered) 
10 LVDT (Filtered) 2 
14: Sampling Pulse and Voice 
---
. - ~ ~
---
Table D. 1 Arrangement of Channels on Tape Recorder 
D ... 3 and D.4:). This allows tests to be recorded at regular 
intervals over the full 24 hour period. The programmer 
can be set to sample data at intervals of from 10 to 
100,000 cycl es. 
There are five preselections on the programmer each of 
which can be set to initiate an operation after a set number 
of signal pulses (or cycles). The operations which are 
controlled are as follows: 
(1) RUN starts tape drive. 
(2) RUN/RECORD starts recording data. 
(3) STPG ON Sampling trigger pulse generator on. 
COUNTER 
ON 
RIG 
TAPE 
RECOR DER 
h 
* 
121 1/ P 
123 EARTH 
ELESTA 
AUDIO OIP 
AUDIO liP 
ST PG liP 
-10 WAY T ~ E E CONTROL 
I 
alP, SUPPLY & RESET 
REMOTE 
MIC liP ~ ~
FIG. 0.3. Btock diagram of tape control system. 
III L/SPEAKER r _ ~ ~ LOCAL MIC 
,-' liP 
T. F.U. 
REMOTE 
MIC 
REMOTE CONTROL 
15 PUSH SWITCH i=s 
AUTQ / ~ ~ANUAL 
o 
2 WAY 
~ ~ (WRITE) 
TAPE CONTROL S E ~ U E N C E E
... RUN RUN STPG STPG --- STOP :'-+R ECORD - ON ~ ~ OFF 
1 2 ELESTA OUTPUTS 
I ~ ~ ~ ~
51 16 
71 18 
REAR 
OF 
SOCKET 
13 23 33 53 l ~ ) ) ---- - J . ~ ~ 6 ~ ~ ____ )(7) _________ ~ 8 ~ ~ 4 P ~ ~ N t ~ ~ O / /
1. + 15 v 
2. Reset 
3. Reset ground 
4. Relay ground 
5. 13 Elesta 
6. 23 II 
7. 33 II 
8 53 " 
R L 1 RL2 
E 
F 
C 
..... W RL1 RL2 •• 
-1 1 
RL3 
F I 
RL2 O ~ ~
, 
I 
RL3 
1 
RL4 
10 WRrTESw 
NG RL4 
1 
L 4 L TO WR ITE Sw -
FIG.D.4 Tape facilities unit (remote) 
RL5 
(4 ) 
I .< Ov 
TO 
STOP I Sw 
RL5 
1 I N.C. 
K 
Sw 
(4) STPG OFF 
(5) STOP 
DJ 
Sampling trigger pulse generator off. 
stops tape drive. 
The sampling pulse 1S required by the AID converter 
to initiate multiplexed sampling of the data channels which 
are being fed in. The pulse frequency can be set at 15, )0, 
75, 150, )00 or 750 Hz. In practice for creep, strain 
controlled and repeated load tests carried out at 1 Hz, the 
pulse was set at 75 Hz. For tests performed at 10 Hz, the 
pulse was set at 750 Hz. These settings allowed the 
collection of 75 readings per second or per cycle. 
D.J THE COMPUTER INSTALLATION 
The computer installation used lvas a DEC PDPll/15 
16K computer. The peripherals attached to this computer 
were a teletype console, a high speed tape reader and 
punch, a line printer, a disc drive, and a high speed AID 
converter (Fig. D.5). 
The software for the operating system is contained 
on the disc. This software allows for the editing, 
compiling and linking of Fortran programmes. In addition, 
software is available allowing easy transfer of files 
between peripherals. 
Fig. D.6 shows the F.M. tape recorder used to replay 
the data through the AID converter. A program "A5SHOTn 
described below waS written which, provided recording had 
been carried out in a regular fashion, allowed data to be 
automatically stored on the disc for further analysis at a 
If) 
-::J 
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~ ~
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D4 
later stage. Data was replayed f ~ o m m 5 c h a n ~ l e l s s
simultaneously for repeated load tests (4 channels for 
creep and strain controlled tests). 
As soon as all the data f.'rom a particular test 
lvas stored on the disc , it was then analysed using another 
Fortran programme "DYNLOD" , again described at the end of 
this appendix. 
A linear relationship ,vas assumed bet'ween the vol tage 
output from the rigs ,and the digital values stored on the 
disc. This relationship was expressed in the form: 
v ::: aN + b 
where V ::: volts olp 
N ::: digital values stored by AID converter 
a ::: constant 
b -- con stant 
The values of Half and "b" for each channel are given in 
Table D.2. 
Channel a b 
1 0.003244 0.104 
2 0.003698 -0. 11.9 
3 0.002351 -0.olt8 
L1: 0.002300 0.008 
5 0.003198 0.156 
6 0.003613 -0.053 
7 0.0023ij5 -0.040 
8 0.002312 -0.050 
9 0,00705 -0.008 
1.0 0.00701 -0.015 
Table D.2 Calibration Constants for Tape Rocorded Data 
----
D5 
D I, .'"1. P R O G R A M ~ l E S S USED FOR DATA ANALYSIS 
A ~ . . SHOT 
Thi s programme was us ed to store data on di sc frOl!l 
the magnetic tape using the AID converter. An assembly 
language subroutine is used to enable data to be converted 
at a very high speed (Middleton, 1974). Care had to be 
taken 'when using this programme that the amount of data to 
be converted was not larger than the file to 1vhich it '\vas 
to be allocated, because under certain circumstances, it 
was possible to overwrite the disc operating systemo The 
reason for this was that much of the protection had been 
removed to increase the speed of transfer to data. A 
listing of the programme 1S given below. 
CREEP 
This programme analyses data recorded and stored on 
disc from creep and strain controlled tests. It, contains 
an averaging routine to reduce the stored data which is 
then processed and printed out on the line printer. 
DYNLOD 
This programme was used for the reduction and analysis 
of data stored on disc from dynamic tests. Because of the 
limitations of core storage, it '\'fas necessary to write this 
programme using overlay techniques. To do this, the part 
of the core reserved for programmes is split into two 
sections. The top section contains the resident programme 
which is made as small as possible and remains in the core 
w'hile the programme is being run. To the resident 
n6 
programme are linked other programmes which are stored 
on di sc. These p r o g r a ~ m e s s or overlays are called from 
the disc as required and stored in the core belo"l-V the 
resident programme. 
As each overlay is oalled, it overw-rites any overlay 
which has been previously used.. The overlays are written 
and compiled as separate programmes and then linked to the 
main programme. The programme path is shown in Fig. D.B, 
and a full listing is also given below with some 
explanatory notes. 'In addition, the operatj_ng procedure 
for linking overlays is given overleaf • 
• 
DYNLOD 
I 
PHINT 
I 
I 
DYNLOD 
I 
I 
- Core Resident P r o ~ r a m m e e
~ . .
- ~ r i n t s s Data h e a d i n ~ ~ on 
~ ~
Line Printer 
DKRED - Enables data reading from 
disc file 
~ - - - - - + - - - - - - - D Y N L O D D - Reads disc file 
I 
Performs loop for 
number of separate 
records of data 
REGRES 
t 
PRINT 
I 
DYNLOD 
END 
Reduces raw data by averaging 
routines or by fitting maxima 
and minima to sine waves 
using regression techniques. 
- Processes data and prints 
this on line printer 
Fig. D.? Programme path for analysis of repeated load data 
stored on disc 
~ ! . / ~ . . s - - L ~ 8 ~ ? ' \ . ' . . > > . .;' Ai _ 
_ r - ¢ : J ~ / ! 1 ~ ~ f t . 2 h ' . \ , 1 . f . , ' : r , , j : _ / ~ { \ \
OPERATING PROCEDURE FOR LINKING OVERLAYS DB 
L I ! ~ l { - l l l V007A 
-PASS 1 
tofDYNLOD ... LP:; DK: DYI-JLOD< DYI\!LO D., EtJDFL., E [ ~ . E L I B [ [ 1 ... 1 J IL/U/E 
·Address of 10w limit of 
0 ., "0'71) .map: ,U , .. 
LINK-I! V007A 
PASS 1 
# P R I ! ' ~ T < D Y N L O D D Ii STB ... PHI NT IT: 070070 ... EAELIB[ 1 ... 1 ] IL/U/E 
TRANSFER hDDRESS: 061044 
LOW LIMIT:_061044 
HIGH LH·1IT: 070070 
PASS 2 
LINK-II V007A 
PASS I 
High limi t of over'lay in 
core set just below resident 
programme at 070070 
tJ D}{RED< DYNLOD. STD ... Dl{RED/T : 070070 ... DEF IN ... EAEL I B [ 1,.f I J IL IU ID 
TRANSFER ADDRESS: 066512 
LOW LIMIT:_066512 
HIGH LIMIT: 070070 
PASS 2 
LINl{-ll V007A 
PASS 1 ... _ _ 
DREGRES<DYNLOD.STB ... REGRES/CC/T:070070 ... EAELIBtl ... lJ/L/UIE 
TRANSFER ~ D D R E S S : : 056552 
LOW LIMIT:_056552 
HI GH' LIM! T: 070070 
PASS 2· 
LINK-II V007A' 
PASS 1 
ftC 
.KI 
- . .. - - -
1 
100 
200 
2 
101 
3 . 
5 
1 5 
C 
f" 
I .. 
c 
201 
16 
1 7 
19 
191 
300 
18 
10 
l 1 
12 
13 
1 4 
20 
21 
210 
2 1 1 
212 
213 
~ 1 4 4
. ~ ' 5 5
C l H . ~ ~ H 0 . jiG R P 1 If! P T S , N C H N L I t.J C Y C I I D A, ~ ; ; F\ L I.' , I • t £' 
,.- '" ' ~ V l l
1 G A I i j ~ ~ R 5 T A i I piC i·j T , eYe I··J T 
11!TEGvR GAo 1 r:, RST A7' PTCi!i I CyCNT 
i'i PIT E ( 6, 1 0 0 ) 
F I) f ~ ~ j·i A '( ( I I' R c: COR D S!O I t1 t J I ) 
READ (/-,,20°) iJCYC 
FORHAT' 14) 
~ . , , P T S - " 5 ' ! f .. 0 
i ~ ~ C H iJ L J: 5 
I d · j C ~ H j i · · ~ ~ : ~ C H N L L ) 
D9 
S I Z r. = 1" P T oS .;$ A N C H N L {Io ~ ~ ; C Y C 
I F ( S I 7 E ~ 3 8 4 0 0 0 . ) 3 ; 3 / 2 2
j'iRi T £{61 iOl) 
) size of storage check 
) 
F O R ~ A ! ( i l ' ' DATA SpACE REQUESTED IS TOO LARGE" 
II' MAXIMUM ~ o o OF DATA POINTS IS 26112';) 
Gor O i 
c 0 t ~ ~ T 1 ;,' u E 
G A I N : : ~ 6 6
CALL I'oe 
-DO A TO D C o ! ~ ~ V E R S rON AND S TOR ERE S U L" T S o ; ~ ~ DIS C 
y,RI TE (61201) 
FOR t·, A r (/, T Y ? E COT 0 CON i I N U E ' I I ) 
PAUSE 
CALL ADo 
i ' ~ ~ C i\J T = n 
co fJ T I iJ U E 
e ALL ! : E ~ : : C '( C 
N C f.J T ::: 1.i C i .' 1'''' 1 
I F ( N C ,.j T ." ~ ~ ~ C Y C ) 1 7 I 1 ell 8 
IF(RS;'AT)19J 19 ,1 8 
T 1 i1 = 0 
Ao6 is an assembly 
language subroutine for 
AID conversion 
TIM=T-YM.l ) . 
T "" 1 I F ( T I ~ . L T ' 1 2 0 0 0 . ) G O T O O 191 ) 1m1ng oop 
, ~ R R 1 TE l 6 ~ ~ 3°0) NCNT 
F O R M A ~ { I ' ' NUMBER 0F RECORDS STORED"I 
2,1 51 /) 
GOTO 16 
CON T I i ' ~ ~ U E 
GO TO( 10,11112,13" 14)RSTAT 
r;'RI TE f6.r2 1 0) 
GO TO 21 
\'/ f ~ ~ I T E ( 6 1 2 1 1 ) 
GO TO 20 
WRITE(612 12) 
GO TO 20 
WRITE(6/2 13) 
GO TO 20 
. \ ~ R I T E ( 6 / 2 1 5 ) )
~ R I T E t b I 2 1 4 ) C Y C N T , P T C N T T
CON T I ,.j LJ t: 
F O R M A ~ ' I I ' ' ALL DATA CONVERTED'II) 
F O R M A ~ ( / I ' ' TIME 00T IN AOe LOOP',/) 
FORMAT(/I' TIMING ERROR IN CONVERTER', 
II' PROBABLE CAUSS OF ERROR DATA TOO FAST',/) 
FOR NAT ( II J o! SeT RAN S FER NOT CO H P LET E BE FOR E : IE \: eye LE' , I ) 
F O R M A ~ ( / ' ' NO- OF CYCLES c ApTURED',I5, 
1/' Nn. of pOINTS CAPTURED" 1 5 , 
211' ~ Y P E E CO TO CONTINuE1111) 
FORMATC/I" ADC STATUS fJOT CLEAN AT START OF ADe
'
,//, 
C", 
END 
• 
DiD 
c CREEP 
CPR 0 G RAN i·1 E fOR eRE E PTE S T SON C LAY 
C T HIS PRO G R A iHI E AN.\ L Y S E S D A T A S TOR ED 0 ~ : : DIS C 
C FRO M !-i A G i'J E TIC TAP E 
103 
101 
102 
c 
4 
2 
3 
6 
7 
9 
C 
C 
10 
DIHENSION IDAT( 10 )/AHEAN( lO)JKDAT(4}256) 
i-; n ! T E ! !.: 1 [I :"'1 ~ ~
. - , - - . 
FOR HAT ( II' I T Y PET EST fJ 0 • I RIG "I 0 • I NOt 0 F R E coR D' S ; 
1 CYCLE INTERVAL/',I,' pWp NOtl 
lrWp INITI LVDT INIT 1,/) 
N S E C S ~ o o
READ( 6 / 101 )NTST¥NCH,NRIH, INSEC$/NPI !PVlp1r'LVDT 
't{ R 1 T E , 5' 1 0 3 ) N 'j S T 
FOR t-, A T ( I 4 ) 
FORf.\AT(714) 
FORMATelll1 NSECS DEVIATOR 
lLTAPWP A E F F C E ~ L L
\" R 1 T E ( 5' 1 0 2 ) 
TO READ DISC FILE 
t1:: 256 
L=102 4 
S T R A 1 r ~ ~
CELL ',I) 
PWP 
CALL SETFIL(3"ADCDAT.· ' l ~ l , / D K K "0 / 10256'1 55,0) 
CALL DEF 1 tJ (3' NR I NI LI U, NREC) 
NREC:l 
DO 5 N::IJ NRIN .. 
READ(3 /N REC)«KOAT(J/K)/J::1/4)/K=1/2s6) 
DO 4 ,J:1/10 ) 
AMEAN(J,:O ) 
. CONTINUe ) 
DO 3 J=lJ4) AveragingRoutine 
DO 2 K=l,M ) 
AMEANeJ>::KOAT(J/K)+AMEANe J ) ) 
C.ONTINUE 
AMEANCJ>=AMEAN(J)/M 
CON T 1 r ~ ~U E 
GOTO(6/ 7 )'NCH 
SIG3=C3,69 8*AMEAN(2)-119')/6.72 
DE 
'DEY=(O.32 44*AMEANC 1 ) + 1 0 0 4 ) * ( ( l O l , 6 ~ C ( 2 , 3 5 1 * A M E A N ( 3 ) ~ 4 8 t t
1)/300»/ 10le6)-O.0352*SI G3 
sTR=«2,3 5 1*AMEAN(3)-48.)-,122*DEV)/304 6Q 
PWP=C2.3 0 0*AMEAN(4)+8.) 
GOTO 10 
S I G 3 = C 3 t 6 1 3 * A M E A N ( 2 ) ~ 5 3 . ) / 6 . 1 4 4
S T R = ( e 2 t 3 6 5 * A M E A N ( 3 ) ~ 4 0 . ) - . 1 2 2 * D E V ) / 3 0 4 8 0 0
OEv=(O'3244.AHEAN( 1 ) + 1 0 ' 4 ) ~ « « l O l . 6 " « 2 . 3 6 5 * A M E A N ( 3 ) ~ 4 9 ' '
1)/300»/I01'6)-O.035Z*SIG3 
P W P = ( 2 . 3 1 Z ~ A M E A N ( 4 ) - 5 0 . ) )
1 rJ S E R TAp PRO P RIA T E CAL I [) RAT ION BEL 0 \i 
MILLlvOLTS/KN/METR£ SQUARED 
fF(NP.EQ.l )p\lPl=PHP/8'6 6 
. t F ( N P • E:l • 2 , J? w p 1 = P w. P 16 • 4. - - - -
• 
c 
c 
c 
c 
50 
300 
101 
51 
3 
. -
DYNI-°D 
R E s I D E ~ T T PROGRAMME FOR ANALYSIS OF REPEATED 
LOADING DATA STORED ON _ D l ~ C C _ 
5 CHANNEL VERSION 
0 i M E N S I G ~ ~ K D A T ( ~ ' 2 5 6 j , n A T ( ' O ) )
, ~ ~ I 
Dl J 
C 0 r ~ , 1 1 0 N / ~ ~ 1 / K D A T 1 J' K I B 21 A t ~ ~ A X 1 A r·j r N / :151 D A T 
1 / B 6/ J U 1-' P 1 iJ F( I N J S T R 8 I Q 2 INC H" INS E C S , N P IIp \ ~ ~ P I l, V D T ~ ! ! C 
DATA A 2 ' B 2 / ~ Y £ S ~ J " N O " / / I , . I N ~ E E
GOr D 51 
\ ~ R I T E ( 5 ' 5 0 ) F F
FORf.1AT(FIO.O) 
I'1'RITE(6"3 0 0) 
FORMATell" ',/) 
h R r TE c6,tlOl)A'I -
FOR r" A T ( A 3 I I 4 ) 
CONTINUE 
STRB:O 
';Ur"l P : 1 
CALL LIHKCIPRINT'LDAJ) 
CALL LrNKC"DKRED'LDAJ) 
NREC::1 
) 
) 
) 
) 
) 
) 
) 
Dummy format stntemen-ts used 
to load line printer driver 
routines into resident 
pr9gramme 
DO 3 N::l,tJRIN 
READ(3 'N REC)«KDAT(J,K)IJ=1,S)IK=1125 6 ) 
CALL L I N K ( ~ R E G R E S , L D A ' ) ) __ 
JUri P :::!"'! 
CALL L I N K ( ' P R I N T ~ L D A ' ) )
CONTINUE 
CALL ErJDFL( 3) 
ENO 
The above programme -is the core resident programme. 
Linked to it are a series of 'overlays l.,hich are all 
called via the resident programme using the 'CALL LINK' 
statement. The listings for the overlays are given 
below. 
100 . 
101 
102 
103 
109 
99 
1 
lab 
105 
104, 
2 
6 
7 
8 
c 
D12 
WRITE(b'lOZ) 
FORMAT(/I" TYPE TEST N O ~ , , RIG N O ~ , , NO$ of RECORDS I 
lCyCLE INTERVAL,',/,' pWp NO., PWP INIT/LVDT INIT IN 14',/) 
REA DC 6,103)NTST,NCH, NR IN,INSECS:NP,lpWPI,LVDT 
FOR t·, A T ( 7 I 4 ) 
viR I TE( 51 109 )NTST· 
FORnAT( 14) 
rJRITE(S,9 9 , 
FORHAT( /1' I CYCLES 
1 "'R SIG3 
2 eRITP"/) 
GOTO 2 
I'tRITE(6' 104) 
Q2::1 
STRRAT 
A' 
FORMATelll1 CYCLES DEVIATOR STRRAT 
1 PERMSTR MR SIG3 ',I) 
READ(6,105)NTST,rJCH/NRIN,INSECS'LVDT 
FOR t·, AT' 5 I 4 ) 
ELSTR 
FOR nAT , I / I I 'T Y PET EST ~ j j° e I RIG N 0 0 I NO. 0 F R E COR D S I 
lCyCLE !NTERVAL, LVOT INIT ',I) 
~ l l R I T E ( 5" 1 Q 9 ) t ~ ~ T S T 
WRITE(5 / 106) 
CONT 1 rJuE 
I F ( J U t , ~ ~ P ~ ~ E Q. 1 ) G () Tal ° 
GOTO(o,7)'NCH 
P E R t ~ S T R R
DELPhp 
S I G 3 = ( 3 ' 6 9 8 * D A T ( 3 ) - 1 1 9 o ) / 5 ~ 9 5 5
DEY=(0,32 44*(DAT<1>-DAT(2»)*«lOl.6-
1 « Z o 3 5 1 * D A T ( 5 ) ~ 4 B . ) / 3 0 0 ~ » / I 0 1 . 6 ) )
STR=«2'351*DAT(S)-48o)-O'122*(O.3244*DAT( 1)+10.4»/3°4 80, 
PWP=CZ e 3 00*DAT(7)+8e) 
RSTR::( (0, 7 0 s ~ d D A T ( 9 ) - D A T ( ( 10») 
1-(O'OlOS9*DEV»/30480 g . 
GOTO 8 ' 
SIG3=(3 0 6 13*DAT(3)-53')/5 o82 
STR=«2 e 3 65*DAT(S>-40.)-0'122*(Oo3198*DAT(1)+lSo6»/3 0 480, 
DEV=(O,31ge*(OAT( 1 ) - D A T ( 2 » ) * { ( l O l ~ 6 - « ( 2 ~ 3 6 5 5
1 * D A T ( 5 ) _ 4 0 o ) / 3 0 0 ~ » / I O l o 6 ) )
RSTR=«o,701*<DAT(9)-DAT(lQ»)p(OoOl059*D EV»/3 048 0. 
PWP=(2.31 2 *DAT(7)-50.) 
~ F ( N P ~ E Q ~ 1 ) p ~ P l = P W P / 8 . 6 6 6
I F C N P A E Q . 2 ) p W P 1 = ? ~ P / 6 ' 4 4
j F ( N P ~ E a _ 3 ) p W ? 1 = P W P / 5 ~ 0 2 2
IF(NP.EQ,4)PW P 1=PWP/7 o Z1 
IF(NP,EQ,5)PWPl:PWP/6. 
I F ( N P . E Q . b ) ? W P 1 = P ~ P / 7 ' 8 4 4
CYC=INSECS*N 
STRAINRATE MICROSTRAINICYCLE 
S T R R A T = « S T R - S T R G ) / I N S E C S ) ~ l O O O O O O t t
STRB=STR 
c 
c 
107 
9 
108 
10 
.. 
c 
c 
RESILIENT NODULUS MN/METRE SQUARED 
R M = D E V / ( R S T R * ! O O O ~ ) )
E F F C = ( S 1 G 3 ..: p ','I PI) 
P=(DEy+3.EFFC)/3 
R E s I L I E ~ T T MICROSTRAIN 
R S T R = R S T R * l O O O O O O ~ ~
. s T R 1 = S 1 R ' ~ ! D O O
IF(Q2.GT.O)GOTO 9 
DELPWp=(pWp-IPWPI )/(PWP/pWP1) 
A = DEL p ~ . ; ; P IDE V 
WRITE'S11 0 7) CYC/DEY/STRRAT/RSTRISTR1' 
1 R /.:, S I G 3, E r F C I A J P ~ ! ! P 11 D £ L P ~ I I p .. P 
FORMATC FBo O,llFl093) 
GOTa 10 
WRITE(S/I06)CYCIDEV/STRRAT,RSTRISTRl,RM,SiGJ 
FORnATC F9'0,6FIO,3) _ 
CONTINUE 
CALL RETURH 
END 
D13 
PHl!,T 
DKRED Linked to DYNLOD 
OVERLAY TO READ DISC FILE 
DIMENSION KDAT(51256)'DAT<lO) 
COMMON/81/KDAT,J,K/B2/AMAX,AHIN/BS/DAT 
') I B 6 I J U r·1 P' N R IN .. S T R 8, Q 2 INC H .. I r ~ ~ SEC S , N P .. I P ~ , , P I I l. V D T , N 1 N R £ C 
M=256 - . _ _ -
L=1 2B O 
CALL SETFILC3/'ADCDATe 1 / ~ l I I D K K '/0 / 102 5 6/1 5 5/0) 
CAL L D £ F I r ~ ~ (3 .. N R I fJ .. L I U I N R E C ) 
CAt.. L 
END 
o C" T II R .. I 
." ~ ~ ..... .. 
The above programme called 'DKRED' defines the name of 
the file on which the data has been stored 'ADCDAT', 
the area of the disc where it may be found and the 
amount of store to be a c c e s s e d ~ ~
c 
c 
5 
98 
': 
• 
C 
C 
3 
97 
6 
7 
HEGRES Linked to DYNLOD 
LINEAR REGReSSION OVERLAy 
DIMENSION DAT(lO)/KDAT(5,256) 
CO i1 '·1 0 N / [3 1 I i ~ ~ D AT, J ' K / B 2/ ftJl A X I A. i·! I NIB 51 D A T 
DO -1 \.J::l,,5,2 
CALL L 1 fiREG 
• , •• ") >l. , 
,J&- ...... - . J - ~ ~
J2:: 2 *.) . 
D A T ( J 1 ) :: :\ i'l A X 
D A T ( J 2 j :: A r·, I N 
. CONT I NUE 
DAT(3)=0 
DAT(7)::0 
DO 5 K::l,256 
DAT(3)::KDAT(2IK)+OAT(3) 
DAT(7)::KDAT(4 / K)+DAT(7) 
CONT I fJUE 
DAT(7)::DAT(7)/25 6 
DAT(3):DAT(3)/25 6 
DAT(4)::0 
CALL RETURN 
END 
SUBROUTINE LINREG 
o 1 i·: ENS ION K D f\ T ( 5 ~ ~ 2 5 6 ) I I D A T 1 ( 2 5 0 ) lID A T 2 ( 2 ~ ~ 0 ) 
COMMON/ BI/KDAT 1 J/K/B2/AMAX,AMIN/B3/TOT 
L=O 
14= 0 
K=l 
. CALL ToTAL 
IF(K+ 3 ,EQ 9 256)GOTO 100 
T01 1=TOT 
CALL TOTAL 
I F ( K + 3 o E Q ~ 2 5 b ) G O T O O 100 
TOT2:10 1 
IF(TOTI-TOT2)3,9814 
319 8 '4 MAX,UNDECIDED,MIN 
LOOK FoR MAXIMUM SET 
TOT1=TOT2 
CALL ToTAL 
IF(K+3oEQo2Sb)GOTO lOO 
TOT2::TOT 
I F ( T O T 1 ~ T O T 2 ) 3 , 9 7 / 6 6
NOISE;:O 
Kl=K-8 
K 2 = K ~ 1 1
DO 7 K:Kl'K2 
L=L+l 
IF(KDAT(J/K).GT.1000)NOISE=1 
IFCKDAT(J'K)oLT.-IOOO)NOISE=l 
IDATICL):KDAT(J/K) 
CONTINUE 
K=K2+1 
J F ( H O I S E . E Q . l ) L = L ~ 8 8
GOTO 4 
) 
) 
) 
This subroutine .looks 
for maximum and minimum 
sets of data readings 
and stores them. 
Check for transients 
in data readings 
C LOOK FOR MINIMUM SET 
4 T O T 1 ~ T O T 2 2
96 CALL TOTAL 
I F ( K + 3 o E Q ~ 2 5 6 ) G O T O O 100 
TOT2=TOT 
IF(T6Tl-r OT2)9,96/4 
'7 
10 
C 
100 
'. 99 
1 
2 
"lr'l , c:: C' ,... 
, ~ ~ J 1 - 1- ~ : : : : I_I 
Kl:: K .... 8 
., - ..... 
1\ '- :: "- 1 
DO 10 K::l\l,K2 
N=H+l 
IF(KDAT(J'K)&GT.IOOO)NQ1SE=1 
I F ( K D A T ( J 1 K ) e L T o - l O O O ) N O I S E ~ 1 1
IDAT2(H':KOAT(J,K) 
CONT1UUE 
K:::K2+1 
I F ( N O I S E G E Q , 1 ) M = M ~ 8 8
GOT03 
E V A L U /\ T 10 rJ 0 F n A X AND r,\ I l ~ ~
CAL L !,I. A. X ~ ' l l I !'l ( I D A T 1 J L , A H A X ) 
CAL L 1'.1 A X f.i I f HID A T 2 I 1,' I A f.\ IN) 
RE T URIJ 
EI-JD 
SUBROUTINE TOTAL 
D 1 1·\ ENS ION K D A T ( 5 I 2 :3 6 ) 
C 0 H r·j 0 i\i I 8 1 I K D AT, J I K I B 3 ITO T 
1'l0 I S E:: 0 
TOT=O 
Kl::1\ . 
K2::K+7 
DO 1 K::Kl'K2 
IF(KDAT(J'K).GT.IOOO)NOISE=l 
I F ( K D A T ( J ' K ) . L T . ~ 1 0 0 0 ) N O l S E = 1 1
TOT=TOT+KDAT(J,K) 
CO r ~ ! ! I r ~ u £ £
TOT=10T/8 
K::K2"'93 
IF(K+3.EQe2S6)GOTO 2 
IF(NOISEGEQ,l)GOTO 99 
C 0 r·J TIN U £ . 
RE T U R r ~ ~
END 
SUBROUTINE'MAXMINCIOAT/N,AM) 
DIMENSION IDAT(2 50 ) 
AM=O 
N4:;O 
Nl::N/a 
~ ~ " .. ." 
DO 1 I::l,Nl 
N 2 = ( a ~ I ) )... 7 
N3::N2+7 
... X=O 
y=o 
Xy::O 
X2y=O 
00·2 N=TJ2'N3 
X=X+l 
Y::Y+IOAT(N) 
X y = X Y + ( X ~ I D A T ( N ) ' '
X2Y=X2y+(X.X*IDATCN» 
D15 
REGRES (CONTO.) 
This subrout1ne adds sets 
01 data for the purposes 
of comparison to ascertain 
maxima or minima. 
.. - .. --
. This_subroutine fits a 
second order curve to 
the maximum or minimum 
sets tif points and 
computes the maximum 
or m irii mum value of this 
curve. 
'. 
z 
4 
3 
5 
1 
6 
7 
8 
': 
Di6 
REGRES (CONTD.) 
C 0 ;.J T I rJ U E 
ALpHA:8o*Xy-36.*Y 
D E L T A = 8 · * X 2 Y - Y * 2 0 ~ . .
B= ( (ALPHA/3024 ct ) - (DE:L T A/2 5 56Q t ) ) 10(1005229 
A = ( A L p H A ~ { 3 J 6 ~ * B » / 3 0 2 4 e e
C = y / 5 . A * 2 5 0 5 ~ O * 4 . 5 5
i r \ ' ~ L 3 1 1 ( ~ ~ A A i i 3}:J1 4 
I F , 9 + 8 / ( 2 ~ A » ) 3 1 5 J 5 5
N4:;N4.,,1 
GOTO 1 
A M = ( B * 8 ) / C 4 * A ) r ( B ~ B ~ / ( 2 * A ) + C + A M M
CONTINUE 
I F ( ! ~ ~ 1 ~ ~ N 4 ) 7 I 6 , 7 
A t·j:; 0 
GOTO Co 
f) ;.\ - At,: • I N I ~ . . t.' A \ 
I , • • _a •• / \ j Ii t ~ ~ t 
RETURN 
E I ~ D D . 
ESTINATION OF PRECONSOLIDATION PRESSURE 
AND IN SITU CONSOLIDATION CURVE 
E1 
There are three methods of estimating the in situ 
virgin consolidation curve. The starting point for all 
of these methods is the use of the oedometer test or 
confined compression test. 
A sample of the soil is compressed one dimensionally, 
while drainage is allowed from each end. The volume 
change is measured for each pressure increment and the void 
ratio is plotted against the log of the pressure. 
The void ratio: 
Volume of voids 
Volume of soil solids 
is directly related to the moisture content for a saturated 
soil by the relationship: 
where m = moisture content 
G
s 
= specific gravity of soil solids 
From the void ratio-log (pressure) curve obtained in 
the laboratory, .there are the following methods of 
estimating the preconsolidation pressure and the in situ 
corisolidation curve: 
(1) Casagrande (1936) suggested the following procedure. 
The point of minimum curvature T, as illustrated in 
E2 
tig. E.1, is estimated. A line is drtl"t-!l1. pa raIl e1 
to the pressure axi s and another ~ . . . d 
.LJ_ne 1S ral\'TI 
tangential to T. The angle between these two 
lines is bisected and a third line d r a l ~ . . The 
intersection of this line with the back projection 
of the straight line portion of the virgin 
consolidation curve gives the value of the pre-
consolid a tion pres SUTe. 
(2) Burmister (1942, 1951) proposed an alternative 
procedure whereby, as soon as the straight line 
portion of the e versus log p curve is approached, 
the sample is rebounded (Fig. E.2) and then reloaded. 
The triangle (shown shaded) formed by the rebound 
and reloading curve is then shifted up onto the first 
loading curve. The preconsolidation pressure p 
c 
is defined by the intersecti on of the apex of the 
triangle with the straight line portion of the curve. 
(J) The third procedure was proposed by Schmertmann 
(1955) and is illustrated in Fig. E.J. The loading 
rebound and reloading procedure is the same as in 
Burmister's procedure. From the point (e ,p ) a o 0 
line is drawn parallel to the mean slope of the 
rebound curve. A point on this line 1S selected as 
the assumed value of p and a line is drawn from 
c 
this point to intersect the laboratory curve at 
0.42 e • 
o 
The assumed virgin curve is plotted 
against log (pressure). This procedure is repeated 
for several assumed positions of Pc and the position 
Q) 
o 
-..... 
a 
'-
If) 
u 
o 
> 
Log pressure 0-' 
Fig, EJ. Estimation of Preconsolidotion Pressure ( Casagrunde) 
o 
-o 
'-
-{g 
o 
> 
Log pressure 0- 1 
FigE,2 Estimation of Preconsolidation F1-essure (Burmister) 
Log pressure 0-' 
Fi g. E.3 Estimation of Pre consoli do tion Pre9;ure (Sc hmertrnann ) 
E3 
to produce the most s y m m e t r i c C ! ~ ~ curve of 60. versus 
log (pressure) is selected. 
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